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(i) 
ABSTRACT 
A method of transforming magnetic anomalies i n t o pseudogravimetric 
anomalies which uses f a s t Fourier transforms and a method of i n t e r p r e t i n g 
g r a v i t y anomalies i n three dimensions using a non-linear optimization 
technique which involves automatic end corrections are developed. 
These methods have been used to i n t e r p r e t the complicated 
aeromagnetic anomalies over the Mull, Skye and Blackstones Bank T e r t i a r y 
igneous centres of N.W.Scotland. One inch aeromagnetic maps over the 
2 
complexes have been d i g i t i z e d at 1 km i n t e r v a l s covering 32 x 32 km 
2 
(Mull and Blackstones Bank) or 64 x 64 km (Skye). 
The strongly magnetized rocks of the Mull complex extends i n the 
preferred model to a depth of 2.1 km wi t h normal magnetization of 6.7 A/m. 
This body i s smaller i n depth and areal extent than the g r a v i t y model of 
the complex. The magnetic model of the Skye complex consists of two 
strongly magnetized bodies of opposite p o l a r i t y and a weakly magnetized 
region corresponding to the Red H i l l s granites. A reversely magnetized 
body of depth extent i n the range 1.5km - 3.0km wi t h a modelling 
magnetization of 4.9 A/m can be i d e n t i f i e d w i t h the basic and ul t r a b a s i c 
rocks of the C u i l l i n centre. Normally magnetized body probably 
represents more weakly magnetized deep seated body which underlains the 
whole complex and extends to a modelled depth of 14 km w i t h a modelling 
magnetization of 1.1 A/m. This composite model has approximately equal 
dimensions to the dense rocks of the g r a v i t y model. The main body of 
the Blackstones Bank magnetic model extends to a depth of 15 km w i t h 
reverse magnetization of 0.93 A/m. A shallow normally magnetized 
body occurs w i t h i n t h i s to depth of the order of 1.0km - 5.0km w i t h a 
magnetization i n the range 0.0A/m-2.47 A/m. The composite model has 
approximately equal dimensions to the gr a v i t y model. 
Intense negative anomalies over the lavas and over some i n t r u s i v e 
rocks demonstrate the strong remanent magnetization of these rocks. 
The magnetic i n t e r p r e t a t i o n s show that basic and ul t r a b a s i c rocks are 
strongly magnetized and large i n volume and the g r a n i t i c rocks are 
small i n volume, shallow and weakly magnetized. Generally, the 
magnetic i n t e r p r e t a t i o n s agree w i t h previous g r a v i t y i n t e r p r e t a t i o n s . 
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1.1 Scope of the Study 
The main purpose of t h i s study i s to develop a method of transforming 
magnetic anomalies i n t o pseudogravimetric anomalies, a concept which was 
introduced by Baranov (1957), and to use t h i s method w i t h other methods 
of magnetic i n t e r p r e t a t i o n to i n t e r p r e t the aeromagnetic anomalies over 
some of the T e r t i a r y volcanic centres of N.W.Scotland. The method of 
pseudogravimetric transformation using f a s t Fourier transforms which 
was developed i n t h i s study i s discussed i n d e t a i l i n chapter 2. Since 
the pseudogravimetric anomaly gives the equivalent g r a v i t y e f f e c t due 
to a magnetized body which would be caused by a f i c t i t i o u s density 
contrast proportional to actual magnetization contrast at each point 
of the body, i n t e r p r e t a t i o n of such anomalies must be performed using 
g r a v i t y methods. Automatic and semi-automatic methods of three 
dimensional g r a v i t y i n t e r p r e t a t i o n which use the end corrections are 
developed to i n t e r p r e t the pseudogravimetric anomalies and are 
presented i n chapter 3. Two dimensional automatic methods of magnetic 
i n t e r p r e t a t i o n used i n t h i s study are also discussed i n t h i s chapter. 
The aeromagnetic anomalies over three T e r t i a r y igneous centres of N.W. 
Scotland, Mull, Skye and Blackstones Bank, are selected to apply the 
method of pseudogravimetric transformation that i s developed i n t h i s 
study. The r e s u l t i n g pseudogravimetric anomalies are int e r p r e t e d 
and compared w i t h previous geophysical and geological studies of these 
areas. 
This chapter introduces the concept of pseudogravity and gives 
a general i n t r o d u c t i o n to the T e r t i a r y igneous centres of N.W.Scotland. 
1.2 Pseudogravimetric Transformation of Magnetic Anomalies 
I f a body has a magnetization contrast J and a density contrast 
5 AUG 1982 
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p producing a l o c a l magnetic p o t e n t i a l V and a g r a v i t y p o t e n t i a l U 
at an external p o i n t , and f u r t h e r i f the r a t i o J/p i s constant 
throughout the body, then these two po t e n t i a l s w i l l be connected by 
the w e l l known r e l a t i o n of Poisson 
V = - — ' YP 1.2.1 
47TpG 
where G i s the g r a v i t a t i o n a l constant. I f y and s_ are u n i t vectors 
along the d i r e c t i o n of magnetization of the body and along the d i r e c t i o n 
of the earth's t o t a l magnetic f i e l d respectively, then the magnetic 
anomaly T(x,y,z) at an external point due to the body can be w r i t t e n as 
where y 0 i s the permeability of free space. This equation connects the 
magnetic anomaly of a body w i t h i t s g r a v i t a t i o n a l p o t e n t i a l provided 
that J/p i s a constant. I n practice t h i s i s most u n l i k e l y to be the 
case. I f , however, we assume a f i c t i t i o u s density contrast so that 
J/p i s a constant then we can use 1.2.2 to calculate a t h e o r e t i c a l 
gravity p o t e n t i a l from a given magnetic anomaly. From t h i s t h e o r e t i c a l 
g r a v i t y p o t e n t i a l we can then derive a t h e o r e t i c a l g r a v i t y anomaly. 
Such an anomaly i s called a pseudogravimetric anomaly. This w i l l not 
be the true g r a v i t y anomaly of the body, but rather i s a g r a v i t y - l i k e 
anomaly wholly derived from the true magnetic anomaly. I f we choose 
as our f i c t i t i o u s density contrast the value 
p = 
M 4TT G 1.2.3 
1.2.2 takes the simple form 
The pseudogravimetric p o t e n t i a l U i s calculated by i n t e g r a t i o n of 
3 
1.2.4. By taking the v e r t i c a l d e r i v a t i v e of t h i s p o t e n t i a l the 
pseudogravimetric anomaly i s found. 
The pseudogravimetrjc transformation of an aeromagnetic anomaly 
removes i t s asymmetry due to the i n c l i n a t i o n of the magnetization 
vector and the i n c l i n a t i o n of the earth's t o t a l magnetic f i e l d . 
The pseudogravimetric anomaly i s therefore symmetrical w i t h respect 
to the causative body. The c h a r a c t e r i s t i c presence of short wavelength 
features i n magnetic anomalies causes problems i n i n t e r p r e t a t i o n . The 
pseudogravimetric transformation acts as a f i l t e r f o r the short wavelength 
anomalies and so removes t h i s d i f f i c u l t y . I n addition, i t allows us to 
perform the i n t e r p r e t a t i o n using g r a v i t y methods which are more 
straightforward to apply than magnetic methods. The pBeudogravimetric 
anomaly i s thus a useful aid to the i n t e r p r e t a t i o n of complicated magnetic 
anomalies. 
1.3 T e r t i a r y Igneous Centres of N.W.Scotland 
The north-western part of Scotland i s one of the areas of the 
North A t l a n t i c or Thulean province which were subjected to intense 
volcanic a c t i v i t y about 50-65 m.y. ago during the early T e r t i a r y 
(Richey et a l . , 1961, Stewart, 1965, Evans et a l . 1973). I n each 
volcanic centre a c t i v i t y c h a r a c t e r i s t i c a l l y occurred i n two stages; 
extrusion of b a s a l t i c lava followed by i n t r u s i o n of plu t o n i c bodies 
forming central i n t r u s i v e complexes. Intusion of dyke swarms took 
also 
place during, a f t e r and probably Abefore the i n t r u s i o n of p l u t o n i c 
bodies. There are two d i f f e r e n t views about the way i n which b a s a l t i c 
lavas have been erupted. Judd (1874) proposed that the lavas were 
erupted from central volcanoes. Geikie (1897) a l t e r n a t i v e l y suggested 
that the lavas were extruded by f i s s u r e eruption w i t h the dykes i n these 
regions as feeders. Recent studies show that Greenland and North Europe 
4 
start e d to s p l i t about 52 m.y. ago as dated by magnetic anomaly 24 
(Hailwood et a l . , 1979). This s p l i t t i n g may be related t o the 
Te r t i a r y igneous a c t i v i t y of the Thulean province (Bott, 1973). 
I n N.W. Scotland T e r t i a r y igneous complexes can be found i n 
central Skye, Mull, Rhum, Arran, Ardnamurchan and i n the St.Kilda 
group of islands (Figure 1.1). There are several other submerged 
igneous complexes such as the Blackstones Bank i n the sea areas 
around N.W.Scotland (Figure 1.1). These central complexes consist 
of various i n t r u s i v e bodies such as r i n g dykes, mult i p l e cone sheets, 
dykes, s i l l s , volcanic plugs, large layered intrusions and products of 
explosive vents. A wide range of rock types, varying from g r a n i t i c 
to u l t r a b a s i c , can be observed i n the T e r t i a r y igneous complexes. 
Each of the complexes had a centre, or focus of a c t i v i t y , around which 
most of the igneous intrusions occurred and i n most cases the centre 
of a c t i v i t y has migrated from place to place w i t h i n the complex. I n 
Ardnamurchan, Mull and Arran the centre of a c t i v i t y has moved twice, 
once i n Rhum and three times i n Skye. A more det a i l e d account of the 
e 
geology of the three central complexes sheeted f o r the application of 
the present method of pseudogravimetric transformation i s given i n 
chapters 4,5 and 6. 
Study of surface geology alone i s not s u f f i c i e n t to understand the 
deep strucifctre of the igneous complexes. Geophysical techniques such 
as g r a v i t y and magnetic methods are useful i n obtaining such d e t a i l s . 
A l l c e n t r a l complexes are characterized by near c i r c u l a r p o s i t i v e 
g r a v i t y anomalies. The observed maximum Bouguer anomaly over the 
Te r t i a r y volcanic centres are i n the range 50-73 mgal, except over the 
Elackstones Bank which has a maximum Bouguer anomaly of 140 mgal. 
I n t e r p r e t a t i o n of gr a v i t y anomalies over the complexes shows that these 
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F i g u r e 1.1 Map o f the B r i t i s h I s l e s , and surroundings showing the 
d i s t r i b u t i o n o f T e r t i a r y c e n t r a l complexes, submarine c e n t r e s o f 
T e r t i a r y or Cretaceous age, t o g e t h e r w i t h the d i s t r i b u t i o n , on l a n d , 
o f T e r t i a r y dyke swarms and la v a s pott) L'meleus (1 9 8 2 ) . 
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are underlain by basic and ul t r a b a s i c bodies extend>»jto a great depth 
(Bott and Tuson, 1973, McQuillin, et a l . , 1975). The aerouagnetic 
anomaly maps over the T e r t i a r y igneous complexes prepared by the 
I n s t i t u t e of Geological Sciences of Great B r i t a i n show intense 
p o s i t i v e and negative anomalies (see Figure 4.1, 5.1 and 6.1), 
suggesting that the complexes are underlain by massive magnetized bodies. 
Owing to the presence of a large number of near surface intrusions and 
adjacent lavas, the aeromagnetic anomalies take an extremely complicated 
form making t h e i r i n t e r p r e t a t i o n d i f f i c u l t using normal magnetic methods. 
The pseudogravimetric ( transformation method introduced i n t h i s chapter 
i s very useful i n i n t e r p r e t i n g magnetic anomalies of t h i s nature. 
6 
CHAPTER 2 
THEORY OF PSEUDOGRAVIMETRIC TRANSFORMATION OF MAGNETIC ANOMALIES 
2.1 Introduction 
This chapter describes a method of performing the pseudogravimetric 
transformation of magnetic anomalies using Fourier transforms. This 
method, which was developed by P .v.Stavrev, was brought t o the author's 
a t t e n t i o n by Professor M.H.P.Bott. An independent development of the 
same method by the author i s presented here. This method i s b a s i c a l l y 
s i m i l a r to the Cordell and Taylor (1971) method of pseudogravimetric 
transformation although the method of de r i v a t i o n i s d i f f e r e n t and the 
f i n a l formula takes a d i f f e r e n t form. The r e l i a b i l i t y of the method 
of pseudogravimetric transformation developed i n t h i s chapter i s 
examined by applying i t to a magnetic f i e l d calculated from a known 
simple structftre and comparing the r e s u l t i n g pseudogravimetric anomaly 
w i t h the calculated g r a v i t y anomaly due to the same structure assuming 
that i t has a density contrast equal to the f i c t i t i o u s density c o n t r a s t 
of the pseudogravimetric transformation. A review of previous 
methods of performing pseudogravimetric transformation i s given i n 2.2. 
Some p r a c t i c a l problems involved i n the present method are discussed 
i n 2.7. 
2.2 A Review of Methods of Performing Pseudogravimetric Transformations 
Baranov (1957) f i r s t introduced the pseudogravimetric transformation 
of magnetic anomalies. His method involves a double i n t e g r a t i o n of 
the v e r t i c a l d e r i v a t i v e of 1.2.4 along the opposite d i r e c t i o n to 
the magnetization vector and along the opposite d i r e c t i o n to the earth's 
t o t a l f i e l d . He also presented a p r a c t i c a l way of computing the 
pseudogravimetric anomaly and i t s v e r t i c a l derivatives usdivg numerical 
7 
grids. There are two disadvantages of t h i s method; i t does not take 
i n t o account the d i r e c t i o n of remanent magnetization, and i t f a i l s 
when the i n c l i n a t i o n of the magnetization vector i s less than 30°. 
Bott et al.(1966) presented a two-dimensional method of performing 
the pseudogravimetric transformation which takes i n t o account the 
d i r e c t i o n of remanent magnetization and i s v a l i d f o r any i n c l i n a t i o n 
of the magnetization vector. I n t h i s method magnetic and gravimetric 
poten t i a l s and f i e l d s are considered as complex functions whose 
transformation i s performed using the Cauchy-Riemann equations and 
Poisson's r e l a t i o n s h i p . This method can also be used to estimate 
the remanent d i r e c t i o n of magnetization. Bott et a l . used t h i s 
method to estimate the d i r e c t i o n of remanent magnetization of the Lambay 
magnetic anomaly i n the West I r i s h Sea. 
A two-dimensional method of performing pseudogravimetric 
transformation using the equivalent layer theorem has been given by 
Bott and Ingles (1972). This method relates a magnetic anomaly 
and i t s pseudogravimetric anomaly to a common f i c t i t i o u s layer. This 
f i c t i t i o u s layer i s divided i n t o a series of compartments having 
rectangular cross-sections whose magnetization i s calculated by 
i n v e r t i n g the observed magnetic anomaly. The pseudogravimetric 
anomaly i s computed by assigning to each compartment a suitable density 
contrast proportional to the magnetization. This method can also be 
used to calculate the pseudomagnetic anomaly s t a r t i n g from the g r a v i t y 
anomaly and i t can be easi l y extended to the three-dimensional case. 
Cordell and Taylor (1971) performed the pseudogravimetric 
transformation using Fourier transforms. I n t h i s method they derived 
the r e l a t i o n s h i p between the Fourier transform of the magnetic anomaly 
8 
and the pseudogravimetric anomaly using Poisson's r e l a t i o n s h i p . These 
two transforms are connected by a fact o r i n the frequency domain 
depending on the magnetization to density r a t i o , d i r e c t i o n of magnetization, 
and the d i r e c t i o n of earth's t o t a l f i e l d . By m u l t i p l y i n g the Fourier 
transform of the magnetic anomaly by t h i s f a c t o r and applying a phase 
s h i f t , the Fourier transform of the pseudogravimetric anomaly can be 
found and by taking i t s inverse transform the pseudogravimetric anomaly 
can be determined. Cordell and Taylor used t h i s method to transform 
magnetic anomalies over a North A t l a n t i c seamount i n t o pseudogravimetric 
anomalies. 
Gunn (1972) described a method of performing l i n e a r transformations 
on gravity and magnetic f i e l d s by using Weiner f i l t e r s . A Weiner 
f i l t e r converts a given input i n t o a specified output i n such a way 
that the sum of the squares of the difference between the specified 
output and the actual output i s a minimum. This method can be used 
to perform the pseudogravimetric transformation of magnetic anomalies, 
where the specified output should be the g r a v i t y anomaly due to a model 
body which has approximately the same dimensions as the geological 
feature causing the magnetic anomaly. Therefore unlike the methods 
described e a r l i e r , t h i s approach requires some knowledge of the 
dimensions of the geological features which cause the anomaly. 
Shuey (1972) presented a method of ca l c u l a t i n g pseudogravimetric 
anomalies by using H i l b e r t transforms. He showed that the v e r t i c a l 
gradient of the pseudogravimetric anomaly can be w r i t t e n as a l i n e a r 
combination of the magnetic anomaly and i t s H i l b e r t transform. The 
v e r t i c a l i n t e g r a t i o n of t h i s l i n e a r combination yi e l d s the pseudogravimetric 
anomaly. The success of t h i s technique depends on the accuracy of the 
9 
computer programs which perform Hilbert transforms. The computer routines 
developed by Shuey give accurate r e s u l t s except at the edges of the 
p r o f i l e . Since t h i s i s a f a u l t of most of the methods discussed 
previously, i t i s unl i k e l y to be a serious disadvantage. 
The most recent method off three-dimentional pseudogravimetric 
transformation known to the author i s published by Savinisky (1976). 
This method involves two l i n e integrations s i m i l a r to Baranov's method. 
In t h i s case the r e s u l t i s v a l i d for any d i r e c t i o n of the induced 
magnetization. However, i t s t i l l f a i l s to take into account the 
remanent d i r e c t i o n of magnetization. 
Another technique which removes d i s t o r t i o n i n a magnetic f i e l d 
has been developed by various authors (Baranov and Naudy, 1964, 
Bhattacharyya, 1965, Kanasewich and Agarwal, 1970, Baranov, 1975). 
This method i s known as the reduction of the magnetic anomaly to the 
pole and i t gives the magnetic anomaly of the causative body as i f 
i t were at the magnetic North pole. The mathematical c a l c u l a t i o n s 
involved i n t h i s method are s i m i l a r to that of pseudogravimetric 
transformation. The f i r s t step involves the recovery of the 
potential U of 1.2.2 by carrying out two l i n e integrations and the 
second step involves the c a l c u l a t i o n of the anomaly reduced to the 
pole by taking i t s second v e r t i c a l d e r i v a t i v e . We can c l e a r l y see 
that the anomaly reduced to the pole i s j u s t a quantity proportional 
to the pseudogravimetric v e r t i c a l gradient. This method i s useful 
when comparing magnetic anomalies measured at d i f f e r e n t magnetic 
l a t i t u d e s . 
2.3 Derivation of the formula which performs the pseudogravimetric 
transformation 
This section describes a method of performing the pseudogravimetric 
10 
transformation using Fourier transforms. The equation 1.2.4 given i n 
chapter 1 states the relationship between the magnetic anomaly T&,y, z) 
and the pseudogravimetric potential U(x,y, 2. ) . 
T ( w ) = & 2-3a 
where s_ and Y are unit vectors along the earth's t o t a l magnetic f i e l d and 
along the d i r e c t i o n of magnetization. I t i s assumed that the body 
causing the anomaly has a constant f i c t i t i o u s density contrast p given 
by 
p = £2i 2 3 2 P 4-rrG 
where, 
J = magnitude of the magnetization contrast of the body, 
G = g r a v i t a t i o n a l constant. 
F i r s t l y , the pseudogravimetric potential U i s recovered by successively 
integrating 2.3.1 along directions opposite to the earth's t o t a l magnetic 
f i e l d (-s) and the magnetization vector (-Y). Then by taking i t s 
v e r t i c a l derivative, the pseudogravimetric anomaly can be found. To 
do t h i s integration i t i s necessary to represent the magnetic anomaly 
as a function of s and Y. By solving Laplace's equation i n Cartesian 
coordinates the magnetic anomaly can be obtained as a function of x,y 
and z which are rela t e d to s and Y. Then by transforming the 
variables s and Y to z the magnetic anomaly can be integrated with 
respect to z to obtain the pseudogravimetric p o t e n t i a l . 
Let XYZ be a right-handed rectangular Cartesian coordinate 
system with the X-axis pointing towards north and Z-axis pointing 
v e r t i c a l l y downwards. Let us also assume that a l l magnetized 
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material producing magnetic anomalies i s situated below the XY plane ( z > 0 ) . 
I t i s possible to write the magnetic anomaly T(x,y,z) ( z < 0 ) , by solving 
Laplace's equation, as (Bhattacharyya, 1965) 
k 2 z k 2 2 
T(x 5y,z) = £ J exp{2TT(-£-Y + —2") z} (A^ cos 27rxk1 
k^=o ^2~° x L y 1 j x 
_ . 2irxki 4 _ 2iTyko ^ _ . 27ryko o o o + B, s i n L )( C cos y z + D s i n f z \ 2.3.3 
k l 2 L y k 2 L y 
where, 
L , L = fundamental wavelengths i n X and Y dir e c t i o n s , x' y 
V k 2 = °' 1' 2' 
A ,B ,C ,D = c o e f f i c i e n t s of the Fourier s e r i e s expansion. 
1 X 2 2 
I t i s useful to write the Fourier s e r i e s expansion i n the above 
equation i n exponential form, since i t allows the use of a f a s t 
at 
Fourier transform algorithm i n the ensuing compution. By expressing 
the Fourier s e r i e s expansion i n 2,3.3. i n the exponential form, i t 
can be written 
T(x,y,z) - £ I exp{27T k l + S _ ' z } 
V " 0 0 V ° ° L * 2 L y 2 
kix k?y F(k ,k ) exp {2TTI ( 7 i - + ' )} 2.3.4 bX Ly 
2 
where, 
= complex Fourier s e r i e s c o e f f i c i e n t s 
12 
I f a square magnetic anomaly map of length L i s d i g i t i s e d at equal 
2 
i n t e r v a l s (Ax) at N points, the*T&,y,z) can be represented 
approximately by 
T(x,y,z) = j> \ F ( k x , k 2 ) exp { ™ (kjX + k 2 y ) } 
k l = ~ P k 2 = " P 
I 
f27r 2 t 2 . 2 n exp { — ( k 1 + k 2 ) z} 2 ^ > 5 
where, 
p = (N-l)/2 and q = (N-l)/2 when N i s odd 
p = N/2,-/ and q = N/2 when N i s even 
In the above equation x,y and z are i n units of d i g i t i z i n g 
i n t e r v a l Ax. Substituting for T(x,y,z) i n 2,3.1 from 2.3.5 gives 
d 2U 9 ? , x r2iri 
1 = ~ P k 2 = " P 
I I F(kj ,k ) exp (k xx + k 2y)> 
i 
2TT 2 2 1 e x p { — ( k^ + k 2 ) z } 2.3.6 
Let us assume that the magnetic anomaly i s known at an elevation 
z , ( z ^ <0) and AB (Figure 2.1) i s i n the d i r e c t i o n of earth*s t o t a l 
magnetic f i e l d . F i r s t 2.3.6 i s integrated from B(x ,y ,z ) to minus 
1 1 1 
i n f i n i t y . 




F i g u r e 2.1 Coordinate system chosen f o r the d e r i v a t i o n of 
pseud o g r a v i m e t r i c t r a n s f o r m a t i o n formula, s i n d i c a t e s the 
d i r e c t i o n of e a r t h ' s t o t a l magnetic f i e l d . 
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fizzed point on the l i n e AB, the equation of AB can be written as 
( I ±0, D ^ 0 ) s s 
cosl cosD c o s l sinD s i n l s s s s s 
= s 2.3.7 
where, 
I = i n c l i n a t i o n of the earth's t o t a l f i e l d , s ' 
D = declination of the earth's t o t a l f i e l d , s ' 
s = AB 
Substituting for x and y i n terras of x ,y , z , z, I and D 
i l l s s 
d _ . _ d 
i n 2.3.6 from 2.3.7 and using the r e l a t i o n s h i p ~j's - s i n I s gives 
2 
• I I F ( k r k2> e x n < p i 2 + 
+ i + y (k + k 2 y i ) } ] 
where, 2ir ty, = -rr- (k-cosD + k_sinD ) c o t l . 1 N 1 s 2 s s 1
P = ( 2 lA 
V \ 2 N l * l k 2 ' ' 
dU 
Assuming there i s no contribution to U from an i n f i n i t e slab 
at minus i n f i n i t y I s zero. 
v d Y ; Z l s i n l g J I I F ( k r k 2 ) 
z k l k 2 
• exp[ ( P 1 2 + 1 ^ ) 2 + i { - ^ + 2. ( k x x x + k 2yp} ] dz 
z l " " " s k l k 2 V " 1 2 ^ 
" £*1 Z l + ( k l X l + k 2 , 
Since the expression inside the square brackets tends to zero 
as z tends to minus i n f i n i t y , 
e d UN 1 V V F ( k l > k 2 ) r f-ry A - r s 
z x s k x k 2 ( P 1 2 + nj^) 
" **! Z l + T ( k l X l + k 2 y l ) } 
k l k 2 ( P 1 2 + **!> T 1 X l + 2 y l ) > e X p ( P 1 2 Z s m l s 
Since t h i s equation i s v a l i d for any point (x , y , z ) on or 
J - J - JL 
above the xy plane, i t can be written 
( — ) - - 1 y T F ( k l > k2> e x p f ^ i (k x + k v ) l ^dy ' s i n l f f — — 7 ~ T e x p i N u l X *2 y n z<o s k x k 2 ( P 1 2 + up ) 
exp ( P 1 2 z) 2.3.8 
Using a s i m i l a r l i n e of argument i t i s possible to integrate 
2,3,8 with respect to y to recover the pseudogravimetric potential U, 
which gives 
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, 1 v V w v t , P 1 2 2 " * i * 2 - i P 1 2 ( ^ l + *2> 
a°^y k x k 2 * " ( P 1 2 2 - ^ ^ 2 ) 2 + P 1 2 2 ( ^ x + ^ 2 ) 2 
2iTi 
e xp(P 1 2z) exp { — (k xx + k 2 y ) } 2.3.9 
Where, 
2TT = — (k n cos D + k_ s i n D ) Cot I , 2 N 1 y 2 y Y 
I = i n c l i n a t i o n of the magnetization vector, 
= declination of the magnetization vector. 
dU 
Now the pseudogravimetric anomaly ^— can be written as 
A < ^ 1 V V v . P 1 2 3 ~ P12*l*2 " i P 1 2 2 ( ^ l + V 
A g ( x ' y ' 2 ) = s i n l s i n l I I F<W 77~2 , , ,2 p 2,, "72 z<o s Y k x k 2 ( P 1 2 - $ l + P 1 2 + t|;2) 
27T1 
exp ( P 1 2 z) exp { - ^ ~ (\x + k 2 y ) } 2.3.10 
AAg(x,y,z) = I I F 1 ( k 1 , k 2 ) exp tfc^x + k ^ ) } 2.3.11 
z4o k^ k 2 
where, 
F 1 ( k 1 , k 2 ) = F ( k 1 , k 2 ) A ( k 1 , k 2 , I g , I Y , D s , D ) 
A(k k I I D ,D ) 1 P 1 2 3 - ^ 1 2 ^ 2 - i P l 2 2 ( ^ l + ^2> 
L L s * s ' s m l s m l 2 2 2 2 
s Y ( p 1 2 - w + p 1 2 " ( * 1 + * 2 ) 
. e x p ( P 1 2 z ) 
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The expression on the right hand side of 2.3.11 has the same form 
as an inverse Fourier transform. 
In transforming a given magnetic anomaly map into pseudogravimetric 
anomalies, the forward Fourier transform (F(k ,k )) of the magnetic 
J- &t 
anomaly map needs to be obtained. Then each of the Fourier s e r i e s 
c o e f f i c i e n t s j F ( k Jc ) j i s multiplied by the factor A(k ,k ,...) to find 
F*(k ,k ) and then by taking the inverse transform the pseudogravimetric 
anomaly i s obtained. A f a s t Fourier transform algorithm i s used to 
obtain the Fourier transform of the magnetic anomaly. Usually i n 
calculating the Fourier c o e f f i c i e n t s of an N-sampled vector, i t requires 
2 
N complex multiplications and additions. The f a s t Fourier transform 
algorithm (Cooley and Tukey, 1964) reduces the number of c a l c u l a t i o n s 
2 
from N to N log N. Since the magnetic anomaly map usually used i s 
a two-dimensional one with a large number of samples, the use of a 
f a s t Fourier transform algorithm s u b s t a n t i a l l y reduces the computing 
time. 
2.4 An Alternative Way of Deriving the Pseudogravimetric Transformation 
Formula 
An alterna t i v e way of deriving the pseudogravimetric transformation 
formula i s by d i f f e r e n t i a t i o n instead of integration. This method 
was suggested by Bott (private communications). The way of deriving 
t h i s i s indicated below and the symbols used here are the same as i n 
the e a r l i e r derivation. Since the magnetic anomaly T(x , y,z) and 
corresponding pseudogravimetric potential U(x,y,z) both s a t i s f y Laplace's 
equation 
T(x,y,z) = I I F ( k 1 , k 2 ) e x p { ^ ( k 1 x + k 2 y ) } exp(P 1 2z)> 2.4.1 
k l = ' P k2=-p 
' tf(x,y,z) = I I F 1 ( k 1 , k 2 ) e x p { - ^ - ( k 1 x + k y ) } e x p ( P z) 2.4.2 
k l = ~ p k 2 = _ p 
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I f 1, m and n are unit vectors along x,y and z axes (Figure 2.1) 
s and Y can be written as 
s = (1 co s l cosD , m co s l sinD , n s i n l ) 2.4.3 — — s s — s s — s 
Y = (1 co s l cosD , m c o s l sinD , n s i n l ) 2.4.4 _!_ v y Y — Y Y — Y 
From the Poisson's r e l a t i o n s h i p we have 
Substituting for y and U i n the above equation from 2.4.4 and 2.4.2 
respectively 
V - I I F ^ . k p U cosI^cosD^ + m cos I y s i n D Y + n s i n l y ) 
* P k l k 2 
. (1 M k i + „ 2 l i k 2 + n P 1 2 ) exp (^x + k 2 y ) } exp ( P ^ z ) 
'Vfel I F 1 ( k r k 2 ) ( ¥ k l C O S I y C O S D y • ^ 2 c o s I y s i n D y 
k l k 2 
+ P s i n l ) exp + k 2 y ) } exp ( P 1 2 z ) 
-J s i n l i l l F 1 ( k 1 , k 2 ) ( P 1 2 + exp{ ~ i (k xx + k 2 y ) } exp ( P ^ z ) 
4irpG k 2 
T(x,y,z) = -MQ s.VV 
= U ° J S I N I Y I I F 1 ( k 1 , k 2 ) ( P 1 2 + i ^ X l c o s I s c o s D s + m c o s I g s i n D s + n s i n l g ) 
4npG k^ k 2 
.(1 ^ 1 + m ^ 2 - n P 1 2 ) exp { M (^x + k 2 y ) } exp ( P ^ z ) 
T(x,y,z) = P Q j s i n I Y I I F ^ - . k . X P ^ + c o s I c o s D 
4TT PG k 1 k 2 1 1 1 1 N S S 
+ ^ L 1 ^ ! c o s I g s i n D s + P 1 2 s i n I g ) exp ( k ^ + k 2 y ) } exp ( P 1 2 z ) 
N 
u o J s ! n I r i n I s J J F 1 ^ ) ^ * ^ ) ^ * ^ ) 4irpG k^ k^ 
2iri 
exp {- ^ - (k 1x + k 2 y ) } exp ( P 1 2 z ) 
By sel e c t i n g the value 
yoJ 
P = 4 i G 
for the f i c t i t i o u s density contrast, above equation can be written as 
T(x,y,z) = s i n l g S i n l £ I F 1 ,k 2) ( P 1 2 + i ^ X P ^ + i * 2 ) 
k l k 2 
exp (k xx + k 2 y ) } exp (P z) 2.4.5 
Since 2.4.1 and 2.4.5 represent the same magnetic ..anomaly 
F ( k r k 2 ) = F 1 ( k 1 , k 2 ) ( P 1 2 + i * 1 ) ( P 1 2 + i l ^ 2 ) s i n l g s i n l Y 
for k 1 5 k 2 
Substituting the c o e f f i c i e n t s F 1 ( k .k ) i n 2.4.2 i n terms of F(k ) 
P 1 0,^_, , s i n l and s i n l gives ±z l z s y 
1 F C k ^ k ) . 
s Y 
.exp(P 1 2z) 
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« _ dU _ 1 r r F ( k r k 2 > ^ ,2,ri „ „ „ 
A g " d7 " s i n I s s i n I Y £ i ( P 1 2 ? iitf ( P 1 2 ? i * 2 ) e x P {"N- ( k l x + V > } 
.exp ( P 1 2 z ) 
1 y y F feA) { P l 2 2 "*1*2 ' i <h + V P12 } f ?* 
s i n l s i n l f £ . 2 ! 72 2 s Y \ k 2 ( P 1 2 ^ ^ 2 ) + p 1 2 ( # i + 
2iri 
• exp { — - (kjX + k 2 y ) } exp ( P 1 2 z ) 
1 V V * / i i x P 12 3 " P12*l*2 " 1 P 12 2 <*1 + * 2> Ag = 7-^- I V F(k- ,k n) 
s i n l s m l f {' v 1 ' 2 s - " " y k x k 2 * - ( P ^ 2 - ^ 2 + P 1 2 2 ( i ^ 1 + 
e x p { HF" ( k l X + k 2 y ) } e x p ( P l 2 z ) 2 ' 4 - 6 
This formula i s +he same as the formula which was obtained 
p r e v i o u s l y (2.3.11) by i n t e g r a t i o n . 
2.5 T e s t i n g of the Method 
The F o r t r a n r o u t i n e PSGC which uses a f a s t F o u r i e r t r a n s f o r m 
a l g o r i t h m has been w r i t t e n t o perform the pseudogravimetric 
t r a n s f o r m a t i o n and has been used t o t e s t the v a l i d i t y o f the preceding 
a 
method. The t e s t i n v o l v e d c o n v e r t i n g the magnetic anom^ies due t o a 
sphere i n t o pseudogravimetric anomalies and comparing the r e s u l t s w i t h 
the c a l c u l a t e d g r a v i t y anomaly due t o the same sphere having a 
d e n s i t y c o n t r a s t equal t o the f i c t i t i o u s d e n s i t y c o n t r a s t used i n 
20 
the pseudogravimetric transformation. Figures 2.2 and Figure 2.3 
give the magnetic anomaly and the pseudogravimetric anomaly due to the 
sphere. Figure 2,4 gives the r e a l gravity anomaly due to the same 
sphere having a density contrast equal to the f i c t i t i o u s density 
contrast of the pseudogravimetric transformation.. Cross-sections 
of the gravity and the pseudogravimetrjc anomalies are depicted i n 
Figure 2.5. I t can be seen from t h i s diagram that the background 
l e v e l of the pseudogravimetric anomaly i s depressed compared to the 
true gravity anomaly. This discrepancy between the two anomalies can 
be explained as follows. In the derivation of the pseudogravimetric 
transformation formula (by integration) i t was assumed that there i s 
no contribution to the pseudogravimetric potential U from an i n f i n i t e 
slab. A given magnetic anomaly can be produced either by a f i n i t e 
body or by the combination of an i n f i n i t e slab and the same body. 
This i s because the magnetic anomaly due to an i n f i n i t e slab i s zero. 
Therefore the calculated pseudogravimetric anomaly i s uncertain by the 
pseudogravimetric e f f e c t due to an i n f i n i t e slab. Since the gravity 
e f f e c t due to an i n f i n i t e slab i s a constant depending on the density 
contrast and the thickness of the slab, the regional l e v e l of the 
calculated pseudogravimetric anomaly i s uncertain by a constant value. 
I f the background l e v e l of the pseudogravimetric anomaly i s increased 
by a constant amount, then the pseudogravimetric anomaly can be made 
to coincide with the gravity anomaly (Figure 2.5) except at the edges 
of the p r o f i l e . This method was tested further for a range of 
magnetization and earth's t o t a l f i e l d d irections by using the same 
t e s t . I t was found that the method works s a t i s f a c t o r i l y for any value 
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F i g u r e Z%Z Magnetic anomaly due to a sphere having a r a d i u s o£ 5 km 
and m a g n e t i z a t i o n o f l o A/m. I n c l i n a t i o n and d e c l i n a t i o n of the 
m a g n e t i z a t i o n vect<*r«5o°,3o°. I n c l i n a t i o n and d e c l i n a t i o n o f the e a r t h 1 s 
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F i g u r e 2.3 Pseudo g r a v i m e t r i c anomaly of the magnetic anomaly shown i n 
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F i g u r e Z.k C a l c u l a t e d g r a v i t y anomaly due to the sphere d e s c r i b e d i n 
F i g u r e 2.2, assuming t h a t i t has a d e n s i t y c o n t r a s t equal to the 
f i c t i t i o u s d e n s i t y c o n t r a s t of the pseudogravimetric t r a n s f o r m a t i o n . 
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F i g u r e 2.5 Comparison of p s e u d o g r a v i m e t r i c ( F i g u r e 2.3) and g r a v i t y 
( F i g u r e 2»Zf) anomalies. 
A c r o s s s e c t i o n of the pseudogravimetric anomaly. 
A c r o s s s e c t i o n of the g r a v i t y anomaly. 
— — A c r o s s s e c t i o n of the pseudogravimetric anomaly when r e g i o n a l 
l e v e l i s r a i s e d by 62.0, mgal. 
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i n c l i n a t i o n o f e i t h e r d i r e c t i o n s were l e s s than 20 (F i g u r e 2.6 and Figure 
2.7). Therefore t h i s method works f a i r l y w e l l except at the edges of 
the p r o f i l e when the i n c l i n a t i o n o f the earth's t o t a l f i e l d and the 
i n c l i n a t i o n o f the magnetization v e c t o r are l e s s than 20°. A l i s t i n g 
o f the program PSGC i s given i n the Appendix A l . 
2.6 Analogue t o D i g i t a l Conversion o f the Anomaly Map 
To apply the pseudogravimetric t r a n s f o r m a t i o n method o f 2.3 a 
square p o r t i o n o f an aeromagnetic anomaly map i s s e l e c t e d . The values o f 
the anomaly are then found at nodes o f an e q u a l l y spaced g r i d . Since 
m 
a f a s t F o u r i e r transform a l g o r i t h m i s used, t h i s g r i d should have 2 
(m = i n t e g e r , m> 1) nodes on each s i d e . However, i f the s e l e c t e d 
square does not have sides w i t h 2 m nodes, then each side should be 
expanded t o such a square w i t h zero values f o r the anomaly at a l l 
a d d i t i o n a l p o i n t s . Sampling or d i g i t i z i n g can be done by l a y i n g an 
e q u a l l y spaced g r i d drawn on a tra n s p a r e n t paper on the magnetic 
anomaly map and f i n d i n g the values o f the anomaly at the nodes. There 
are two ways o f f i n d i n g the values o f the anomaly at the nodes. The 
f i r s t i s by d i r e c t i n t e r p o l a t i o n o f contours. The second i s by using 
the b i c u b i c s p l i n e i n t e r p o l a t i o n method (Bhattacharyya, 1969). I t 
i s p o s s i b l e t o achieve the necessary accuracy by the f i r s t method i f 
i t i s done w i t h some care. 
2.7 Discussion 
I n 2.5 i t was shown t h a t the pseudogravimetric t r a n s f o r m a t i o n 
method developed i n t h i s chapter works s a t i s f a c t o r i l y . However t h e r e 
are some p r a c t i c a l problems i n v o l v e d i n using t h i s method, some o f 
which are in h e r e n t i n the a p p l i c a t i o n o f the d i s c r e t e F o u r i e r transforms. 
This s e c t i o n i s devoted t o a d i s c u s s i o n o f these problems and the ways 
of overcoming them. 
2.7.1 A l i a s i n g E f f e c t 
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F i g u r e Z.b Pseudogravimetric anomaly due to a magnetized sphere having 
a r a d i u s of 5 km and ma g n e t i z a t i o n of l o A/m. I n c l i n a t i o n and d e c l i n a t i o n 
of the ma g n e t i z a t i o n v e c t o r = 15,30. I n c l i n a t i o n and d e c l i n a t i o n of t h 
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F i g u r e 2.7 Pseudogravimetric anomaly due to a magnetized sphere 
having a r a d i u s of 5 km and magnetization of l o A/m. I n c l i n a t i o n and 
d e c l i n a t i o n of the m a g n e t i z a t i o n v e c t o r = 5o*,3o. I n c l i n a t i o n and 
d e c l i n a t i o n of the e a r t h ' s t o t a l magnetic f i e l d = 15°,i+o. Contours i n 
mgal. 
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determines the maximum frequency t h a t can be u n i q u e l y d e f i n e d by the 
sampled f u n c t i o n (Blackraan and Tukey, 195 9). This frequency i s known 
as the Nyquist frequency and i s equal t o h a l f the value o f the 
sampling frequency. Frequencies g r e a t e r than the Nyquist frequency 
impersonate the lower frequencies and t h i s i s known as the a l a i s i n g 
e f f e c t . Therefore i t i s necessary t o remove the frequencies g r e a t e r than 
the Nyquist frequency or decrease the sampling i n t e r v a l such t h a t the 
Nyquist frequency i s equal t o or g r e a t e r than the highest frequency 
component present i n the f u n c t i o n . 
2.7.2 T r u n c a t i o n E f f e c t s 
When a square p o r t i o n o f an aeromagnetic anomaly map i s 
sel e c t e d f o r the pseudogravimetric conversion, sharp d i s c o n t i n u i t i e s 
are i n t r o d u c e d t o the anomaly at the sides of the square. Sampling 
t h i s f u n c t i o n w i t h a g i v e n frequency i s e q u i v a l e n t t o t r u n c a t i o n o f 
the f u n c t i o n i n the frequency domain beyond the Nyquist frequency. 
Under such c o n d i t i o n s i t i s not p o s s i b l e t o r e c o n s t r u c t the sharp edges oj-
the anomaly w i t h a l i m i t e d number of frequencies. The e f f e c t o f t h i s 
t r u n c a t i o n i n the frequency domain i s t o i n t r o d u c e spurious o s c i l l a t i o n s 
i n the s p a t i a l domain around the r e g i o n of the d i s c o n t i n u i t y . This 
i s known as the Gibb's phenomenon and i t can be very c l e a r l y observed 
f o r the case of a step f u n c t i o n ( B r a c e w e l l , 1965). The e f f e c t due 
t o the Gibb's phenomenon can be reduced by decreasing the sampling 
i n t e r v a l . Another way o f overcoming t h i s problem i s by s e l e c t i n g 
a l a r g e p o r t i o n of the anomaly centred around the f e a t u r e o f i n t e r e s t . 
Since the Gibb's phenomenon o n l y a f f e c t s the edges o f the f u n c t i o n 
where t h e r e are d i s c o n t i n u i t i e s , t h e r e g i o n o f the anomaly of i n t e r e s t 
remains unchanged. 
S e l e c t i n g a square p o r t i o n o f an aeromagnetic anomaly map f o r the 
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pseudogravimetric transformation i s equivalent to the truncation of the 
of the anomaly (function) at the sides of the square. This truncation 
of the function i n the s p a t i a l domain introduces spurious o s c i l l a t i o n s 
to the function i n the frequency domain. For s i m p l i c i t y t h i s problem 
i s discussed here with reference to the one dimensional case. The 
ef f e c t due to a truncation of a function i n the s p a t i a l domain i s the same 
as m u l t i p l i c a t i o n of the function by a rectangular window. I n the 
frequency domain t h i s i s equivalent to the convolution of the Fourier 
transform of the function with the Fourier transform of a rectangular 
window. Since the Fourier transform of a rectangular window i s a sine 
cardinal function ( s i n f / f ) , t h i s w i l l introduce some ri p p l e s at the 
edges of the function i n the frequency domain (Figure 2.8). I f the 
length of the rectangular window i s increased then i t s Fourier transform, 
the sine cardinal function, tends towards a d e l t a function, i n which 
case the r i p p l e s at the edges of the function i n the frequency domain 
st 
are reduced. Therefore i t i s possible to reduce t h i s i n a b i l i t y by 
se l e c t i n g a large portion of the anomaly map for the pseudogravimetric 
transformation. Another way of reducing t h i s problem i s by cosine 
tapering the data (Kanasewich, 1975). 
2.7.3 Even and Odd Symmetries of r e a l and imaginary parts of a 
Fourier Transform 
Another important factor that should be borne i n mind when 
performing the pseudogravimetric transformation using Fourier transforms 
i s to arrange r e a l and imaginary parts of the Fourier transform with 
the proper symmetry i n such a way that the computed pseudogravimetric 
anomaly i s completely r e a l . The Fourier transform of a r e a l function 
has a symmetrical r e a l part and antisymmetrical imaginary part. So 
4 F ( f ) 
4 f'M 
f (x)xf ' (x) 
(a) 
(b) 
4 F'( f ) 
t F ( f ) * F ' ( f ) 
(c) 
F i g u r e 2.8 I l l u s t r a t i o n of the e f f e c t s on the frequency domain 
f u n c t i o n due to the t r u n c a t i o n of the s p a t i a l domain f u n c t i o n . 
( a ) S p a t i a l domain f u n c t i o n and i t s F o u r i e r t r a n s f o r m ( f r e q u e n c y 
domain f u n c t i o n ) . 
( b ) R e c t a n g u l a r window and i t s F o u r i e r t r a n s f o r m . 
( c ) T r u n c a t e d s p a t i a l domain f u n c t i o n and i t s F o u r i e r t r a n s f o r m . 
C o n v o l u t i o n , 
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when t r y i n g t o recover the o r i g i n a l f u n c t i o n which i s r e a l from i t s 
F o u r i e r t r a n s f o r m , i t i s necessary t o arrange terms i n the r e a l p a r t 
of the F o u r i e r t r a n s f o r m t o have even symmetry and terms i n the 
imaginary p a r t t o have odd symmetry. I n the one dimensional case 
t h i s can be done by f o l d i n g the r e a l p a r t about the Nyquist frequency 
and f o l d i n g and f l i p p i n g , ( r e v e r s i n g the p o l a r i t y ) , the imaginary p a r t 
about the same frequency (Brigham, 1974). I n the case o f the imaginary 
p a r t i t i s also necessary t o s e t the amplitude o f the Nyquist frequency 
t o zero i n order t o o b t a i n the odd symmetry. I f t h i s p r e c a u t i o n were 
not taken the f u n c t i o n would be double valued at t h i s p o i n t . This 
procedure can e a s i l y be extended t o the two dimensional case by 
considering the two dimensional a r r a y o f F o u r i e r c o e f f i c i e n t s as a 
se r i e s of one dimensional arrays p a r a l l e l t o each o t h e r . Terms i n r e a l 
and imaginary p a r t s o f a two dimensional array (8x8) are arranged w i t h 
the r e q u i r e d symmetry by using t h i s procedure. This i s i l l u s t r a t e d 
i n Figure 2.9. By i d e n t i f y i n g the symmetries i n these two arrays, 
the f o l l o w i n g sequence o f steps should be f o l l o w e d t o o b t a i n t h i s 
symmetry i n p r a c t i c e . 
Real p a r t 
a) Arrange the f i r s t row and the f i r s t column o f the array i n the same 
way as i n the one dimensional case. 
b) Then f o l d the array about F„ . 
Nx 
c) Then f o l d the r e s u l t s o f (b) about F__ . 
Ny 
Imaginary P a r t 
a) Same as i n (a ) above 
b) Then f o l d and f l i p the array about F„ • 
Nx 
c) Then f o l d and f l i p the r e s u l t s o f ( b ) about F__ . 
Ny 
«-„ 
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where , 
F = Nyquist frequency for the x-direction 
F 
TO = Nyquist frequency for the y-direction 
F i n a l l y the amplitudes of F N x * and F N 1 of the imaginary part 
are set to zero as i n the one dimensional case. 
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CHAPTER 3 
INTERPRETATION OF GRAVITY AND MAGNETIC ANOMALIES 
3.1 I n t r o d u c t i o n 
I n t e r p r e t a t i o n o f g r a v i t y and magnetic anomalies i n v o l v e s the 
de t e r m i n a t i o n of the shape and oth e r p h y s i c a l p r o p e r t i e s , such as 
d e n s i t y c o n t r a s t and magnetization, of a subsurface s t r u c t u r e causing 
an anomaly. Usual l y g e o l o g i c a l f e a t u r e s causing an anomaly have 
complicated shapes. I n i n t e r p r e t a t i o n t h e r e f o r e we on l y i n t e n d t o 
f i n d an approximate shape which e x p l a i n s l a r g e - s c a l e f e a t u r e s of the 
causative body. 
Most o f the work discussed i n t h i s t h e s i s i n v o l v e s i n t e r p r e t a t i o n 
o f magnetic and pseudogravimetric anomalies. I n t e r p r e t a t i o n o f 
magnetic anomalies i n two dimensions was performed using a n o n - l i n e a r 
o p t i m i z a t i o n technique. As i n d i c a t e d i n the preceding chapter, 
i n t e r p r e t a t i o n of pseudogravimetric anomalies has t o be performed by 
using g r a v i t y methods. The conventional t r i a l - a n d - e r r o r modelling 
method and a non - l i n e a r o p t i m i z a t i o n technique were both used i n 
i n t e r p r e t i n g pseudogravimetric anomalies i n thr e e dimensions using 
the end c o r r e c t i o n method ( N e t t l e t o n , 1940). These methods are 
discussed i n d e t a i l below. The end c o r r e c t i o n f a c t o r f o r the 
i n t e r p r e t a t i o n o f magnetic anomalies i s d e r i v e d i n 3.2. The problem 
o f non-uniqueness i n the g r a v i t y and magnetic i n t e r p r e t a t i o n i s 
discussed i n 3.4. 
3.2 The End C o r r e c t i o n Method 
Usuall y we make s e v e r a l approximations i n i n t e r p r e t i n g g r a v i t y 
and magnetic anomalies. One o f them i s t o assume t h a t the body 
causing the anomaly has a constant c r o s s - s e c t i o n and an i n f i n i t e s t r i k e . 
Such a two-dimensional i n t e r p r e t a t i o n i s not adequate when one h o r i z o n t a l 
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dimension of the body i s not large compared to the other. However, 
three-dimensional in t e r p r e t a t i o n involves lengthy c a l c u l a t i o n s and 
therefore consumes a large amount of computing time. Nettleton 
(1940) suggested an approximate method of c a l c u l a t i n g gravity or 
magnetic anomalies due to three-dimensional bodies to overcome t h i s 
problem. This method involves making an end correction to the two-
dimensional c a l c u l a t i o n s . 
I n c a l c u l a t i n g the gravity or magnetic anomaly due to a body 
using the end correction method, f i r s t l y the body i s divided into a 
number of horizontal prisms. Then the gravity or magnetic anomaly 
due to each prism i s calculated considering prisms as two-dimensional 
bodies. The next step i s to c a l c u l a t e an end correction factor for 
each prism, for each f i e l d point at which we are going to find the 
anomaly. This i s calculated by assuming that the mass or the magnetic 
moment of each prism i s concentrated along i t s a x i s . . I f the gravity or 
magnetic anomaly at a point due to such a l i n e mass, or a l i n e of 
dipoles, i s F, and i s the anomaly due to the same l i n e i f i t extends 
to i n f i n i t y i n both dir e c t i o n s , then the end correction factor for the 
c a l c u l a t i o n of the anomaly due to the corresponding prism at that point 
i s F/F^ . Multiplying the gravity or magnetic anomaly due to each 
prism, obtained under the assumption that these are two-dimensional 
bodies, by the corresponding end correction factor and adding the 
r e s u l t s y i e l d s an approximation to the anomaly due to the body at each 
f i e l d point. By increasing the number of prisms i t i s possible to 
achieve any degree of accuracy required. 
The end correction factor for the computation of gravity anomalies 
has been given by Nettleton (1940). I f R i s the perpendicular 
distance from the f i e l d point to the axis of a prism and y i s the h a l f 
28 
length of the prism, then the end correction factor for the c a l c u l a t i o n 
of the gravity anomaly due to the prism i s (see Figure 3.1) 
The derivation of the end correction factor for the computation 
of magnetic anomalies i s much more complicated than the gravity case 
because the d i r e c t i o n of magnetization and the d i r e c t i o n of earth's 
t o t a l magnetic f i e l d are both involved i n the derivation. Winter 
(1972) and Bott (private communications) derived the end correction 
factor for the case of magnetics. I t was found that the derivation 
given by Winter (1972) i s cumbersome and involves some minor errors 
and therefore the end correction factor for the computation of magnetic 
anomalies i s rederived here. The derivation below i s based on Bott 
(private communications). 
Let A A i n Figure 3.2 be a f i n i t e l i n e of dipoles p a r a l l e l to 1 2 
the Y axis, J ( J V , J„, J„) be the magnetic moment per unit length of 
^— A y t» 
the l i n e , U(xy,z) be the gravity potential due to the l i n e at P(x,y,z) 
and S (S x,Sy,S z) be the unit vector along the d i r e c t i o n of the earth's 
t o t a l magnetic f i e l d . Let us also assume that the mass per unit 
length of the l i n e i s equal to uo/4irG; where yo i s the permeability of 
free space and G i s the g r a v i t a t i o n a l constant. By using the Poisson's 
relationship (chapter 1) the magnetic anomaly F due to the l i n e of dipoles 
at the point P(x,y,z) can be written as 
F 1 3.2.1 2 
CO 
F - S.V(J.VU) 
= S J 3^U x ux 3 ^ + S J 
3^U 
y y 3y2 + S J z z a z2 
3 2U + (S J + S J ) 
x y y x 3x3y 
+ (S J + S J ) 
X Z Z X 
3^U J ) z x' 3x3z + (S J + S J ) y z z y 
3^U J ) 3.2.2 
z 
F i g u r e 3*1 End c o r r e c t i o n f a c t o r f o r t h e c o m p u t a t i o n 
o f g r a v i t y a n o m a l i e s due t o t h r e e d i m e n s i o n a l b o d i e s , 
R - P e r p e n d i c u l a r d i s t a n c e f r o m t h e f i e l d p o i n t t o t h e 
a x i s o f t h e p r i s m . 
y - H a l f l e n g t h o f t h e p r i s m . 
Y 
A j X , Y 2 .Z) 
\ 
r * \ 1 \ 
is 
F i g u r e 3#2 G r a v i t y p o t e n t i a l due to a f i n i t e l i n e mass 
k-.k0 a t the p o i n t P ( x , y , z ) . 
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To obtain F involves the determination of the s i x second 
derivatives of the g r a v i t a t i o n a l potential U given by (Figure 3.2) 
Y 1 
*2 f dY' U = { r — — — J J r o 2 + (Y'-y) 2 3.2.3 
Y i ' 
where, 
r Q = {(X' - x ) 2 + ( Z ! - z ) 2 } ^ 
substituting Y = Y f-y i n 3.2.3 
Y 2'-y 
dY 
u " J U 2 + v 2 3.2.4 Y' 
Using L e i b n i t z ' s rule for d i f f e r e n t i a t i o n under an i n t e g r a l sign, 
a - 1 d (Y 9-y) - 1 d , v , 
3 7 " Vr Q2 + (Y 2'-y)2 dy 2 J r ^ + ( Y ^ - y ) 2 < V y ) 
J . - _1 
= r l r2 
where, 2 9 , 
r x = { ( X ' - x ) Z + ( Y ^ - y ) 2 + ( Z ' - z ) Z } 2 
r = { ( X ' - x ) 2 + ( Y ' - y ) 2 + ( Z ' - z ) 2 } * 2 1 
D i f f e r e n t i a t i n g 3.2.4 w.r.t. x, 
3U f r - * ~ V d Y 
9x 
o 
f A ' -v 
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By performing t h i s integration using the sub s t i t u t i o n "JST = r tanQ, 
where, 






X = X ' - x. 
Si m i l a r l y , 
$L = z /la _ Yr 
3z r o 2 l r 2 r l J 
where, 
Z = Z' - z. 
When the f i r s t three p a r t i a l d e r i v a t i v e s are known, the s i x second 
p a r t i a l d e r i v a t i v e s can be determined e a s i l y and they are given below. 
2) ,* [2X 
l r 2 V 0 *2 
3 U Y o 
o 
D 




1 3 U X (— 






9 z 9 y 
= Z (r n 3 " r 3 ) 3 . 2 . 9 
1* 




l r 2 V 
XZ 
o 
Y. - Y. 3 . 2 . 1 0 
These d e r i v a t i v e s for an i n f i n i t e l i n e of dipoles can be e a s i l y 
obtained by finding the l i m i t s of 3.2*5 to 3.2.10 when tends to 
minus i n f i n i t y and Y tends a plus i n f i n i t y . The s i x d e r i v a t i v e s 
3 . 2 . 1 1 
t h i s case are as 
2 2 2(X - Z ) 




2(Z - X ) 
3 z 2 
32Uoo 4XZ 
9 x 9 z r 4 
0 
2 
a y 2 
2 
9 Uoo 
9 z 9 y 
3 . 2 . 1 2 
3 . 2 . 1 3 
2 
ft TT 
= 0 3 . 2 . 1 4 9 x 9 y 
Combining 3.2.2 and 3.2.5 to 3.2.10, the magnetic anomaly due to 
the f i n i t e l i n e of dipoles A A ( F ) and combining 3.2.2 and 3.2.11 to 
JL £ 
3.2.14 the magnetic anomaly due to the l i n e of dipoles when i t i s 
i n f i n i t e l y long ( F ^ ) can be found. Hence the r a t i o F/Foo which gives 
the end correction factor can be calculated. I n evaluating 3.2.5 to 
3.2.7 i t i s only necessary to ca l c u l a t e two of them. By using the 
rel a t i o n s h i p V 2u = 0 (Laplacels equation) the t h i r d can be found. 
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S i m i l a r l y by knowing e i t h e r 3,2.11 or 3.2,12 the other can be found. 
An i n t e r e s t i n g feature of t h i s r e s u l t i s that the magnetic anomaly 
due to a f i n i t e l i n e of dipoles can be greater than the i n f i n i t e l i n e 
of dipoles for c e r t a i n values of X and Z. Therefore unlike the case 
of gravity, the end correction factor for the case of magnetics can 
be greater than unity for some values of X and Z. A Fortran routine 
which computes the end correction factor using^above equations i s given 
i n the Appendix A l . 
I t was shown above that i t i s necessary to divide a body into a 
number of s u f f i c i e n t l y small horizontal prisms in order to use the 
end correction method accurately. This can be performed by dividing 
the cross-section of the body into a number of elements. Then each 
element becomes the cross-section of each prism. Usually the cross-
section i s divided into rectangular and t r i a n g u l a r elements. The 
ensuing ca l c u l a t i o n s require the coordinates of the nodes of each 
element. Since i t i s intended to use a t r i a l - a n d - e r r o r method to 
perform the interpretation, i t i s necessary to f i n d a separate set 
of coordinates of nodes each time the shape of the body i s changed, 
which i s obviously time consuming. Therefore i t was decided to 
develop a computer routine which divides a given polygonal shape into 
a number of elements automatically. The Fortran routine BD was 
written for t h i s purpose and i t d i v i d e s a polygonal shape having 
top and bottom sides p a r a l l e l to the X-axis into a number of elements 
(Figure 3.3'). The use of t h i s routine for polygonal shapes which do not 
s a t i s f y t h i s condition i s explained l a t e r . The routine BD f i r s t 
divides the polygonal shape into a s e r i e s of s t r i p s having top and 
bottom sides p a r a l l e l to the X a x i s . Each s t r i p i s then divided into 
a s p e c i f i e d number of elements having top and bottom sides p a r a l l e l to 
X 
Z ! I 
F i g u r e 3*3 Way i n which the s u b r o u t i n e BD d i v i d e s a polygonal shape 
having top and bottom s i d e s p a r a l l e l to X a x i s . 
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the X a x i s . The following information has to be given as iniput data: 
a) the coordinates of each node of the polygon; 
Ihto 
b) number of horizontal s t r i p s the polygon has to be divided A(NS); 
'uric 
c ) number of elements each s t r i p has to be divided A(N ,N ,. ...N ) ; 1 2 NS 
d) a number R which controls the r e l a t i v e thickness of each s t r i p . 
The routine BD gives the coordinates of nodes of each element and 
the centre of mass of each element, calculated by c a l l i n g another routine 
CMASS, as the output. I t i s possible to reduce the computing time by 
having r e l a t i v e l y large elements i n the lower part of the body. This 
can be achieved by dividing the polygonal shape into horizontal s t r i p s 
having increasing thickness when going downwards and dividing the lower 
s t r i p s into comparatively smaller number of elements. The routine 
BD divides the body into a given number of horizontal s t r i p s i n such 
a way that the thicknesses of s t r i p s form an arithmetic s e r i e s . By 
using a number greater than zero as the common difference (R) of t h i s 
s e r i e s , i t i s possible for the horizontal s t r i p s to have increasing 
thicknesses when going downwards. The number of elements each s t r i p 
has to be divided into (N N - .... N ) has to be s p e c i f i e d as 
1 A JNo 
input data. By using a decreasing set of values for N , N0,...N.TC 
i n the input data, the s t r i p s i n the lower part of the body can be 
divided into fewer but wider elements. I n t h i s way i t i s possible 
to divide the whole polygonal shape into smaller elements at the 
upper part and larger elements i n the lower part. 
This routine can be used to divide a complicated shape such as 
given i n Figure 3.4 into smaller elements. The strucjitre shown i n 
Figure 3.4 consi s t of two bodies, ABCDEFGH and BEDC. F i r s t the 
outer body AFGH i s subdivided without considering the inner body BEDC 
A B E F X 
H 
Z l 
F i g u r e Way i n which the s u b r o u t i n e BD d i v i d e s a c r o s s s e c t i o n 
of a g e o l o g i c a l - s t r u c t u r e c o n s i s t s of two b o d i e s . 
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and i t s gravity or magnetic anomaly i s calculated. Then BEDC i s 
divided separately into smaller elements and the anomaly i s calculated 
and added to the r e s u l t obtained e a r l i e r . The actual density contrast 
or the magnetization of the inner body (BEDC) i s the sum of two 
magnetizations or density contrasts used i n the ca l c u l a t i o n . 
Although the routine BD requires the body to have i t s top and 
bottom sides p a r a l l e l to the X-axis, i t i s s t i l l possible to use i t 
to divide bodies which do not s a t i s f y t h i s condition. The body ABCD 
+o 
given i n Figure 3.5 has only i t s top side p a r a l l e l Athe X*-axis. The 
qua d r i l a t e r a l ABCD can be regarded as the pentagon ABCDD* with the 
points D and D 1 coincided. Then the body ABCDD* has i t s top and 
bottom sides (AB and DD T) p a r a l l e l to the X-axis and the routine BD 
can be used to divide t h i s body into a number of elements. Input 
data for the X and Z coordinates of the nodes of the polygon take the 
form (X A, Z A, X B, Z^, XQ, ZQ, X^, Z^, , Z ^ ) . By following a s i m i l a r 
method, i t i s possible to divide a body which does not have the top 
side p a r a l l e l to the X-axis. 
When the cross-section of the body i s divided into a s e r i e s of 
elements i t i s then necessary to c a l c u l a t e the gravity or magnetic 
anomaly due to two dimensional prisms having these elements as cro s s -
sections. This can be performed by using the two-dimensional polygonal 
prism methods of Talwani et a l . (1959, 1964). Using Talwani et a l . 
(1959) the Fortran routine SLAB was written to ca l c u l a t e the gravity 
anomaly due to a semi i n f i n i t e slab and by the repeated application 
of t h i s routine gravity anomaly due to a two-dimensional prism can be 
calculated. Bott (1975) wrote a PL1 routine to c a l c u l a t e the gravity 
anomalies due to s i m i l a r bodies. Two programmes were run with Asame 
data and gave i d e n t i c a l r e s u l t s . The main Fortran program GREND was 
X 
B 
Z l 1 
F i g u r e 3«5 Way i n which the s u b r o u t i n e BD d i v i d e s a polygonal shape 
having o n l y i t s t o p s i d e p a r a l l e l t o X a x i s . 
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developed to perform gravity interpretation using the end correction 
method. This program uses subroutines BD, SLAB, CMASS and another 
routine, ENDCR, which c a l c u l a t e s the end correction f a c t o r s . The 
program GREND can be used at a computer graphics terminal to perform 
the interpretation. I t gives two separate diagrams as the output. 
The f i r s t diagram shows the way i n which the cross-section of the body 
i s divided into a number of elements and the second gives the observed 
and calculated anomalies together with the cross-section of the model. 
The f i r s t diagram helps us to check whether dividing the cross-section 
of the body into smaller elements was done properly or not. A l i s t i n g 
of t h i s program i s given i n the Appendix A l . 
3.3 Application of Non-Linear Optimization to the Interpretation of 
Magnetic Anomalies 
3.3.1 Introduction 
Trial-and-error modelling provides a useful method for 
g r a v i t y and magnetic interpretation i n two dimensions and i n three 
dimensions when the end correction method i s used. However, the 
accuracy and speed of t h i s method can be increased by using s e l f - a d j u s t i n g 
computer routines which perform the al t e r a t i o n s of the shape and physical 
properties of the body and comparisons of observed and calculated 
anomalies automatically. Such computer routines can use non-linear 
optimization techniques. 
There are several parameters involved i n ca l c u l a t i n g gravity or 
magnetic anomalies due to a body. Parameters, such as coordinates 
of the points which define the shape of the body, are non-linear and 
parameters such as density contrast and magnetization are l i n e a r . 
For convenience, the regional l e v e l can also be considered as a l i n e a r 
parameter. A least-squares method can be used to evaluate the l i n e a r 
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parameters while the non-linear optimization technique can be used to 
evaluate the non-linear parameters (Al-Chalabi, 1970). 
This section describes an application of non-linear optimization 
techniques i n two-dimensional magnetic interpretation. A more 
detailed account of the use of these techniques i n magnetic i n t e r p r e t a t i o n 
can be found i n Al-Chalabi(1970). Talwani (1960) described a method of 
c a l c u l a t i n g gravity anomalies due to three-dimensional bodies defined 
by a set of horizontal contours. An attempt was made to perform a 
three-dimensional gravity interpretation by applying non-linear 
optimization to t h i s method. During the e a r l y stages of developing 
a computer program to perform the interpretation i t was found that t h i s 
method consumes a large amount of computing time and therefore i t was 
abandoned. However, the end correction method of c a l c u l a t i n g the 
gravity anomaly due to a three-dimensional body takes a comparatively 
small amount of time. Therefore the computer program GREND (see 3.2) 
which performs 3D gravity interpretations using end corrections was 
automated using a non-linear optimization technique. 
3.3.2 Calculation of the Objective Function 
Mathematically non-linear optimization involves a minimization 
of a function c a l l e d the objective function. I n p r a c t i c a l problems 
t h i s function usually measures the discrepancy between the calculated 
e f f e c t due to a t h e o r e t i c a l model and observed r e s u l t s . We can 
define the objective function for magnetic in t e r p r e t a t i o n i n the 
following way. 
be 
Let Fc (a, ,a g ) A be calculated magnetic anomaly due to an 
k 4 2 n 
th 1 
assumed model at the k fied. point and Fo be the observed anomaly at 
the same point, where a, a a are the parameters involved i n 
4 , 2 , n 
c a l c u l a t i n g the magnetic anomaly due to the model. Then the objective 
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function f ( 3 ) can be written as 
2 f( 3 ) = I (Fo, - Fc ) 3.3.1 
k-1 k k 
where n i s the number of f i e l d points and 3 i s the vector consisting 
of the parameters a^, a^. The optimization technique seeks 
the minimum of t h i s function by varying the parameters a , a 0 a . 
I ^ n 
Calculation of the objective function requires the magnetic anomaly 
due to the assumed model at a l l f i e l d points. This can be achieved 
by using the method discussed by Talwani and H e i r t z l e r (1964). Using 
t h i s method Fc for a two-dimensional body having a polygonal cross-it 
s ection with m sides (see Figure 3.6) can be written as 
Fc = J IL + J V, 3.3.2 k x k z k 
where, 
J , J = X and Z components of the magnetization, 
x z 
m 
u i , = 21 {Q-sinI + P.cosIcos(C-D)} , K • t X X 1=1 
m 
V. = l\ {Q.cosIcos(C-D) - P . s i n i } , 
K. • X X 
1=1 
2 2 
z.. Z..X.. p. 
1 
irJi (e.-e > - - ^ - i V log ( ! i ) , 
:.. + x.. J z.- + x.. r i 
Z . . + X. . 2 . . + X. . X 
j = x+1 for i = 1, 2, m-1 , 
j = 1 for i = m 
x. . = x. - x. 
z .. - z . - z. t 




( X i ' Z i ) 
r J 
F i g u r e 3*6 Magnetic anomaly due to a two dimensional body 
having a polygonal cross s e c t i o n . 
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( 2 , 2 \ * r. = x. + z. , 
i i l ' 
/ 2 , 2^ ' r . = ( x . + z. . 
J J J 
I,D = i n c l i n a t i o n and declination of the earth's 
t o t a l f i e l d , 
C = angle between the X-axis and geographic north 
measured clockwise from geographic north . 
For 0 . and 6 . r e f e r to the Figure 3.6. i 3 
I f R i s the constant regional l e v e l , then the objective function 
given i n 3.3.1 can be written as 
f(B) - J ( F o k - J x U k - J z V k - R ) 2 3.3.3 
k=l 
I t i s possible to trea t l i n e a r parameters, such as magnetization 
( J x and J z ) and the l i n e a r regional l e v e l R, as non - l i n e a r parameters 
and include t h e i r evaluation i n the optimization process. The l e a s t -
squares method i s another way of evaluating these l i n e a r parameters. 
D e t a i l s of t h i s evaluation aregiven by Al-ChaiabS (.1970). 
Usually the objective function has several minima. The lowest 
minimum i s known as the global minimum and the minima other than the 
global minimum are known as l o c a l minima. I n gravity and magnetic 
inte r p r e t a t i o n the location of the global minimum i s sometimes a 
d i f f i c u l t task. 
3.3.3 Optimization Techniques used i n the Interpretation 
Optimization techniques can be divided into two main 
categories, namely d i r e c t search methods and gradient methods. 
Gradient methods are methods which use the gradient of the objective 
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function i n finding the minimum. Methods which are based only on the 
comparison of the value of the objective function i n successive 
i t e r a t i o n s are known as d i r e c t search methods. A Simplex method, 
(a d i r e c t search method), and a Quasi-Newton method, ( a gradient 
method), were used i n the application of non-linear optimization to 
magnetic interpretation. These two methods are discussed below. 
3.3.3.1 The Simplex Method 
A simplex i n n-dimensional space i s defined as a set of n+1 
points i n that space. The simplex i s s a i d to be regular i f a l l the 
points of the simplex are mutually equidistant. I n the case of two 
dimensional space the simplex i s a tria n g l e and i n three dimensional 
case i t i s a tetrahedron. The simplex method of optimization was 
o r i g i n a l l y introduced by Spendley et a l . (1962) and l a t e r improved by 
Nelder and Mead (1965). This improved version i s now widely i n use. 
The Simplex method of Spendley et a l . uses a regular simplex. 
This method f i r s t evaluates the value of the objective function at the 
ve r t i c e s of a regular simplex. Then i t forms a new simplex by 
r e f l e c t i n g the point having the largest value of the objective function 
i n the centroid of the remaining v e r t i c e s and t h i s procedure i s then 
successively repeated. I f the point obtained by r e f l e c t i o n s t i l l 
has the largest value of the function, then t h i s point i s discarded 
and a new point i s obtained by r e f l e c t i n g the vertex having the second 
highest value of the function i n the o r i g i n a l simplex. At the v i c i n i t y 
of a minimum the simplex s t a r t s to rotate around one of i t s v e r t i c e s . 
When t h i s condition occurs, the method reduces the s i z e of the distance 
between points of the simplex by h a l f and repeats the procedure again. 
When the distance between points of the simplex reduces to a sp e c i f i e d 
value, the centroid of the simplex i s assumed to be the position of 
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the minimum of the function. 
However, i t i s not e s s e n t i a l to use a regular simplex i n finding 
a minimum of a function. The simplex method of Nelder and Mead uses 
an i r r e g u l a r simplex, together with three basic operations which change 
the shape and s i z e of the simplex. These basic operations are 
r e f l e c t i o n , expansion and contraction. The operation r e f l e c t i o n i s 
si m i l a r to that discussed above. However i t i s no longer e s s e n t i a l 
to have the distance from the centroid of the remaining points to the 
new point obtained by r e f l e c t i o n and the distance from t h i s centroid 
to the o r i g i n a l point equal to each other. The r a t i o between these 
two distances are defined as the r e f l e c t i o n c o e f f i c i e n t . The expansion 
operation moves the point obtained by r e f l e c t i o n away from the centroid 
of the remaining points. The r a t i o between distances to the centroid 
of remaining points from the point obtained by expansion and the 
o r i g i n a l point (the point obtained by r e f l e c t i o n ) i s known as the 
expansion c o e f f i c i e n t , and i s usually greater than one. The operation 
which brings a point obtained by r e f l e c t i o n towards the centroid i s 
known as contraction. The contraction operation i s s i m i l a r to the 
expansion operation, but i n t h i s case the c o e f f i c i e n t i s l e s s than one. 
Simi l a r to the o r i g i n a l Simplex method, Nelder and Mead's method 
f i r s t r e f l e c t s the point having the largest value of the function about 
the centroid of the remaining points. I f the new point gives a 
minimum, further search along the di r e c t i o n of the new point i s made 
by using the expansion operation. I f the function at the new point 
i s greater than that at one of the remaining points, the search i s 
done i n the opposite d i r e c t i o n using the contraction operation. 
At the v i c i n i t y of a minimum, the s i z e of the simplex i s reduced and 
the process i s repeated. When the variance of the values of the 
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function at the v e r t i c e s of the simplex i s l e s s than a s p e c i f i e d 
value, the search i s terminated and the centroid of the l a s t simplex 
i s assumed to be the position of the minimum. However, t h i s kind of 
termination does not guarantee the absolute convergence of the function. 
3.3.3.2 The Newton Method and Quasi-Newton Methods 
Since the theory behind Quasi-Newton methods i s mathematically 
involved, only the basic ideas of these methods are given here. Quasi-
Newton methods can be regarded as an extension of the Newton method of 
optimization. Therefore Newton's method i s described f i r s t . 
* Let X ( a , a 0, ... a ) be a minimum of the function f(X) and 
x. Zt n 
• X = X + h, where h = (h , h_,.... h ) , be a point close to t h i s 1 * n 
minimum. I n the neighbourhood of a minimum a function can be taken as 
being approximately quadratic (Wolfe, 1978). Let us also assume that 
• 
H and g are the matrix of second p a r t i a l derivatives at X (Hessian 
matrix), and the vector of p a r t i a l derivatives at X (gradientvector) 
respectively. Using the second order Taylor s e r i e s Box et a l . (1969) 
showed that 
X* = X - H_g 3.3.4 
Since the function behaves quadratically i n the v i c i n i t y of a 
minimum, H i s a constant. Therefore by c a l c u l a t i n g H at the point X 
and using t h i s value i n 3.3.4 X can be found. I f X i s not close to 
* 
X the quadratic approximation to the objective function i s not v a l i d 
and therefore H i s not a constant. The equation 3.3.4 cannot therefore 
be used to obtain the position of minimum d i r e c t l y . Nevertheless 3.3.4 
can be used as an i t e r a t i v e rule 
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X k + 1 " X k " H g 3.3.5 
where X the value o f X a f t e r k i t e r a t i o n s and H and g are 
K. 
evaluated at the same p o i n t X . 
This method r e q u i r e s the m a t r i x H t o be non-singular and t h i s 
c o n d i t i o n i s g e n e r a l l y s a t i s f i e d i n the r e g i o n close t o the minimum. 
The g r e a t e s t o b j e c t i o n t o t h i s method i s t h a t i t r e q u i r e s the computation 
of the m a t r i x H and i t s inverse at each stage. Quasi-Newton methods 
overcome t h i s problem by forming an approximation t o H, and i t s i n v e r s e , 
from the i n f o r m a t i o n obtained from the i t e r a t i v e process. A d e t a i l e d 
account o f these methods i$ g iven by Broyden (1967). 
3.3.3.3. Sca l i n g and C o n s t r a i n t s 
S u i t a b l e s c a l i n g o f n o n - l i n e a r v a r i a b l e s i n an o p t i m i z a t i o n 
problem improves i t s e f f i c i e n c y . This s c a l i n g should be done i n such 
a way t h a t the n o n - l i n e a r v a r i a b l e s have approximately the same value 
i n the r e g i o n o f the minimum. The o b j e c t i v e f u n c t i o n f o r an unsealed 
problem i s u s u a l l y elongated, w h i l e t h a t f o r s u i t a b l y scaled problem 
takes an approximately h y p e r - s p h e r i c a l shape (A l - C h a l a b i , 1970). This 
symmetry o f the o b j e c t i v e f u n c t i o n , when v a r i a b l e s are scaled, makes 
the search easier and t h e r e f o r e more e f f i c i e n t . 
I n the i n t e r p r e t a t i o n o f a magnetic anomaly we u s u a l l y have some 
knowledge of the geology of the r e g i o n around the causative body. This 
g e o l o g i c a l i n f o r m a t i o n can be used t o g i v e upper and lower l i m i t s t o 
the v a r i a b l e parameters of the m i n i m i z a t i o n . The search w i l l then 
perform o n l y w i t h i n the r e g i o n d e f i n e d by these l i m i t s . S o l v i n g such 
a problem i s known as c o n s t r a i n e d o p t i m i z a t i o n . Conjtrained o p t i m i z a t i o n 
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not o n l y reduces computing time, i t a lso preserves the g e o l o g i c a l r e a l i t y 
o f the model. Most o f the c o n s t r a i n t s i n magnetic i n t e r p r e t a t i o n are 
very simple ones. For example the depth t o the top surface o f a body 
i s r e s t r i c t e d t o being g r e a t e r than a given value, o r the magnetization 
of a body should l i e i n a given range. The v a r i a b l e t r a n s f o r m a t i o n 
method (Box, 1966) i s u s e f u l i n applying such c o n s t r a i n t s . 
3.3.3.4 Programming D e t a i l s 
Two F o r t r a n programs, MAGI and MAG2 have been w r i t t e n 
t o perform two dimensional magnetic i n t e r p r e t a t i o n using n o n - l i n e a r 
o p t i m i z a t i o n . I n these programs, the c a l c u l a t i o n o f the magnetic 
anomaly due t o the assumed model i s performed by a F o r t r a n subroutine 
c a l l e d MAGAN which uses Talwani and H e i r z l e r ' s two-dimensional p o l y o n a l 
method. MAGI uses a Quasi-Newton method t o perform the 
o p t i m i z a t i o n . MAGI considers l i n e a r parameters such as magnetization 
and the l i n e a r r e g i o n a l l e v e l as non - l i n e a r parameters and t h e i r e v a l u a t i o n 
i s performed i n the o p t i m i z a t i o n process. MAG2 considers these parameters 
as l i n e a r parameters and they are evaluated u s i n g the l e a s t squares method. 
The o p t i m i z a t i o n technique used i n MAG2 i s a simplex method. The 
F o r t r a n program GREND described i n 3.2. performs the g r a v i t y i n t e r p r e t a t i o n 
i n three-dimensions using the end c o r r e c t i o n method. This program was 
mo d i f i e d t o perform the i n t e r p r e t a t i o n a u t o m a t i c a l l y u s ing a no n - l i n e a r 
o p t i m i z a t i o n technique. The m o d i f i e d program, Q3?GREND, a u t o m a t i c a l l y 
v a r i e s parameters o f the body such as i t s body p o i n t s and d e n s i t y 
c o n t r a s t as w e l l as the r e g i o n a l l e v e l o f the anomaly and seeks a 
model which produces an anomaly c l o s e s t t o the observed anomaly. This 
program uses a quasi-Newton method as the o p t i m i z a t i o n technique and 
i t r e q u i r e s the parameters o f the o b j e c t i v e f u n c t i o n t o be scaled. 
44 
This program took a C.P.U. time o f 10*8 seconds at the Durham 
U n i v e r s i t y IBM 370/168 computer t o produce the pseudogravimetric 
model o f the M u l l igneous complex shown i n Figure 4.11. 
The computer subroutines which perform the n o n - l i n e a r o p t i m i z a t i o n 
were obtained from the Durham U n i v e r s i t y 'NAG* Computer l i b r a r y . A 
l i s t i n g o f the programs discussed above together w i t h i n s t r u c t i o n s on 
how t o use them i s given i n the Appendix A . l . 
3.4 Ambiguity i n G r a v i t y and Magnetic I n t e r p r e t a t i o n 
A simple a p p l i c a t i o n o f Gauss * theorem shows t h a t the g r a v i t y 
anomaly due to a sphere and a co n c e n t r i c s p h e r i c a l s h e l l are equal, 
p r o v i d e d t h a t both o f them have the same mass. This i s not the o n l y 
example which i l l u s t r a t e s t h i s s i t u a t i o n o f ambiguity. There can be 
sev e r a l bodies which g i v e r i s e t o the same observed anomaly. This 
f a c t i s e q u a l l y t r u e f o r magnetics. Therefore i t i s not p o s s i b l e t o 
o b t a i n a unique g e o l o g i c a l shape which s a t i s f i e s a given g r a v i t y or 
magnetic anomaly. This ambiguity w i l l increase due t o the l a c k o f 
s u f f i c i e n t observations and e r r o r s i n v o l v e d i n them. However, by 
making s u i t a b l e assumptions uniqueness can be achieved i n c e r t a i n cases. 
Skeels (1947) i l l u s t r a t e d the non-uniqueness i n g r a v i t y i n t e r p r e t a t i o n 
by c o n sidering d i f f e r e n t bodies at d i f f e r e n t depths, having d i f f e r e n t 
d e n s i t y c o n t r a s t s , producing the same anomaly. Roy (1962) discussed t h i s 
problem u s i n g p o t e n t i a l theory methods. Using the e q u i v a l e n t l a y e r 
ft 
theorem he showed how given g r a v i t y o r magnetic anomaly can be caused 
A 
by an i n f i n i t e number o f d e n s i t y or magnetization d i s t r i b u t i o n s on a 
t h i n l a y e r . He also i n v e s t i g a t e d the non-uniqueness by c o n s i d e r i n g 
i n t e r p r e t a t i o n as s o l v i n g an i n t e g r a l equation i n the f o l l o w i n g way. 
I f XYZ i s a Cortescan coordinate system having the Z-axis p o i n t i n g 
v e r t i c a l l y downwards, the g r a v i t y anomaly at (<*, p, o) due t o a d e n s i t y 
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d i s t r i b u t i o n p(x,y,x) below the XY plane can be w r i t t e n as 
CO 00 CO 
g( a, 3 , 0) = G 
UU UU UJ 
( f f pfrc.,y,z) % d x dydz 
J J J { ( x - a ) 2 + ( y - e ) 2 + Z 2 } 3 / 2 -co -05 o 
where G i s the g r a v i t a t i o n a l constant. There i s no unique s o l u t i o n 
t o P(x,y,x) as i t i s a f u n c t i o n o f t h r e e v a r i a b l e s ( x , y , z ) and g i s 
o n l y a f u n c t i o n o f two v a r i a b l e s x and y. Measuring the anomaly on a 
number of planes at d i f f e r e n t h e i g h t s w i l l not improve the s i t u a t i o n 
as they are not independent. I f we assume/* i s a constant along the Z 
d i r e c t i o n , t h e o r e t i c a l c o n d i t i o n s under which i n t e r p r e t a t i o n can be 
achieved uniquely are given by Smith (1961). However, t h i s r e q u i r e s 
the complete knowledge o f the anomaly on an i n f i n i t e plane. Nevertheless 
t h e r e are c e r t a i n s i t u a t i o n s where we can perform the i n t e r p r e t a t i o n 
u n i q u e l y , provided we have a s u f f i c i e n t amount of accurate data. One 
such s i t u a t i o n i s g i v e n B o t t (1960). I f the anomaly i s caused by a 
sedimentary basin and i f i t s d e n s i t y c o n t r a s t , which i s assumed t o be 
u n i f o r m , and i t s upper surface ate known then i t i s p o s s i b l e t o determine 
the lower surface u n i q u e l y . Two o t h e r such s i t u a t i o n s are, (Roy, 1962), 
a) d e t e r m i n a t i o n o f d e n s i t y or magnetization d i s t r i b u t i o n o f a f l a t 
l a y e r when i t i s at a known depth, 
b) d e t e r m i n a t i o n o f the depth t o a body having a known d e n s i t y c o n t r a s t 
o r magnetization and a known shape. 
These examples i l l u s t r a t e how much the knowledge o f geology o f the 
r e g i o n where the causative body i s s i t u a t e d i s important i n reducing 
t 
the ambiguity i n i n t e r p r e t a t i o n . Al-Chalabi (1971) showed the p o s s i b i l i t y 
o f i n t e r p r e t i n g a g i v e n g r a v i t y anomaly u n i q u e l y i n terms o f a two-
dimensional body having a polygonal c r o s s - s e c t i o n and an u n i f o r m 
d e n s i t y c o n t r a s t . The assumption t h a t any v e r t i c a l l i n e through the 
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body meets i t s boundary o n l y t w i c e i an important c o n d i t i o n i n t h i s 
case. Otherwise the polygonal model i s not unique (Smith, 1978). 
The non uniqueness a r i s i n g from experimental e r r o r s and an 
i n s u f f i c i e n t amount o f observations has been i n v e s t i g a t e d by Al-Ch a l a b i 
(1971), using the n o n - l i n e a r o p t i m i z a t i o n technique. He showed t h a t 
when the l e n g t h o f the anomaly i s decreased and the i n t e r v a l o f 
ob s e r v a t i o n i s increased, new minima o f the o b j e c t i v e f u n c t i o n corresponding 
t o d i f f e r e n t models begin t o appear. Experimental e r r o r s i n the 
observations also cause s i m i l a r r e s u l t s . 
By c o n s i d e r i n g a l l these f a c t o r s we can say t h a t when a s u f f i c i e n t 
amount o f accurate observations are a v a i l a b l e , then using the knowledge 
of the geology around the s t r u c t u r e causing the anomaly the ambiguity 
i n i n t e r p r e t a t i o n reduces t o a reasonable l e v e l . 
CHAPTER 4 
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INTERPRETATION OF MAGNETIC ANOMALIES OVER THE MULL IGNEOUS COMPLEX 
4.1 I n t r o d u c t i o n 
T h i s chapter presents an i n t e r p r e t a t i o n o f aeroraagnetic anomalies 
over the M u l l igneous complex. Figure 4.1 shows the aeromagnetic 
anomaly map over t h i s r e g i o n . The most s t r i k i n g f e a t u r e o f t h i s 
aeromagnetic anomaly map i s the l a r g e , dominantly p o s i t i v e , anomaly over 
the M u l l c e n t r a l i n t r u s i v e complex. Outside t h i s c e n t r a l anomaly, 
the r e are some negative anomalies which extend over the area covered 
w i t h b a s a l t i c lavas. I n a d d i t i o n t o these, t h e r e i s a r i n g o f r e l a t i v e l y 
s h o r t wavelength anomalies o u t s i d e the complex. This r i n g c o n s i s t s o f 
both p o s i t i v e and negative anomalies. The anomaly map (Figure 4.1) i s 
a complicated one. I n t e r p r e t a t i o n o f the c e n t r a l anomaly was t h e r e f o r e 
performed by tr a n s f o r m i n g i t i n t o pseudogravimetric anomalies by using 
the method discussed i n chapter 2. The above mentioned r e l a t i v e l y 
s h o r t wavelength anomalies around the complex were i n t e r p r e t e d by using 
normal magnetic i n t e r p r e t a t i o n methods. The r e s u l t s o f these i n t e r p r e -
t a t i o n s are discussed and compared w i t h the r e s u l t s o f the most recent 
g r a v i t y i n t e r p r e t a t i o n of the M u l l complex. Before going i n t o d e t a i l s 
of these i n t e r p r e t a t i o n s , t h e geology o f the M u l l complex and previous 
g r a v i t y and magnetic s t u d i e s o f the area are discussed. 
4.2 Geology o f the M u l l Complex 
The T e r t i a r y igneous geology of M u l l has been described and discussed 
i n great d e t a i l by B a i l e y e t a l . (1924), Richey e t a l . (1961), Stewart 
(1965) and by Skelhorn (1969). The account given below i s a summary o f 
the work presented by these authors. 
4.2.1 B a s a l t i c Lavas 
Most o f M u l l i s covered w i t h b a s a l t i c lavas o f T e r t i a r y age 
F i g u r e 4.1 Aer o m a g n e t i c anomaly map ov e r t h e M u l l i n t r u s i v e complex 
and s u r r o u n d i n g l a v a s . C o n t o u r s i n gamma• Coordinates shown we, n©t f 0nai gr/d, 
7o-z+7o gaii.raa 
^7o- l o 7 o gamma 
lo7o-2o?0 gamma 
2070-3070 gamma 
7e- -73o gamma 
below -730 gamma 
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and Figure 4.2 shows a p a r t o f t h i s l a v a succession. These lavas o v e r l i e a 
t h i n l a y e r o f red mudstone which mayrhaveformed due t o the l a t e r i t a c weathering 
o f b a s a l t i c ashes. B a s a l t i c lavas i n M u l l are c l a s s i f i e d i n t o two types; 
the p l a t e a u group and the c e n t r a l group. The c e n t r a l group, which was 
extruded l a t e r , o v e r l i e s the p l a t e a u group, which i s f u l l y developed o n l y 
i n western M u l l w i t h a maximum thickness o f about 915m (3000 f t ) at Ben 
More. This group of lavas mainly c o n s i s t s o f o l i v i n e b a s a l t s . The 
c e n t r a l group o f lav a s , which are mainly o l i v i n e poor b a s a l t s , can be 
seen i n south-eastern M u l l and i n two subsided calderas ( e a r l y south-
eastern c a l d e r a and l a t e north-western caldera, Figure 4.2) i n c e n t r a l 
M u l l . I n c e n t r a l M u l l t h r e e c o n c e n t r i c zones o f t h i s group o f lavas 
have been i d e n t i f i e d . The inner zone c o n s i s t s o f o l i v i n e - p o o r or 
o l i v i n e - f r e e n o n - p o r p h y r i t i c t h o l e i i t i c b a s a l t s w h i l e the middle zone 
c o n s i s t s o f h i g h l y p o r p h y r i t i c b a s a l t s w i t h f e l s p a r phenocrysts. The 
c e n t r a l type i s not w e l l developed i n the o u t e r zone. This zone mainly 
c o n s i s t s o f sparsely p o r p h y r i t i c or n o n - p o r p h y r i t i c b a s a l t s . P i l l o w 
lavas occur i n b o t h o u t e r and middle zones. The general absence of 
p y r o c l a s t i c horizons throughout the l a v a successions i n d i c a t e s t h a t the 
e r u p t i o n took place q u i e t l y . 
4.2.2 C e n t r a l I n t r u s i v e Complex 
E x t r u s i o n o f b a s a l t i c lavas from the M u l l volcano was f o l l o w e d 
by a complicated h i s t o r y o f igneous events forming the c e n t r a l i n t r u s i v e 
complex of M u l l . During t h i s p e r i o d , the centre of a c t i v i t y moved tw i c e 
from south-east t o north-west. O r i g i n a l l y a c t i v i t y centered at Glen 
More i n the south-eastern c a l d e r a . W i t h time i t moved t o Beinn 
Chaisgidle and from t h e r e , c l o s e r t o Loch Ba. The whole igneous complex 
i s symmetrical about the north-west a x i s along which the c e n t r e o f 
Agglomerate. 
TtETiARY SURFACE ROCKS 
Basalt-Lava*, 
Mugearite-LaYas. 
• • • 







TERTIARY INTRUSIONS (including 
Vent-Agglomerates, but omit-




Dips, in degrees. 
( — m m m m Margins of Main 
Calderas. 
— • — — Other Faults. 
— Limit of Pneumatosis. 
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a c t i v i t y migrated. Figure 4.3 i s a map which shows vari o u s i n t r u s i o n s 
associated w i t h each o f these ce n t r e s . The o r i g i n a l sequence of 
igneous events proposed by B a i l e y e t a l . (1924) and by Richey e t a l . 
(1961) has been s l i g h t l y changed i n view of recent research s t u d i e s 
(Skelhorn,1969). I t i s the most recent i n t e r p r e t a t i o n t h a t i s adopted 
here and presented i n c h r o n o l o g i c a l order. 
Glen More Centre 
The sequence of events i s as f o l l o w s : 
1. Glass Bheinn and Derrynaculen granophyres. 
2. A c i d e x p l o s i o n vents. 
3. E a r l y Acid and Intermediate Cone Sheets. 
4. E a r l y Basic Cone Sheets. 
5. Loch Usig granophyre and gabbro. 
6. Ben Buie Layered Gabbro. 
The g e o l o g i c a l map (Figure 4.3) shows t h a t the Glass Bheinn and 
Derrynaculen granophyres are separated by the Ben Buie gabbro and a 
r e g i o n covered w i t h e x p l o s i o n vents. Since these vents c o n t a i n 
fragments o f granophyre, these two rock masses may have been connected 
o r i g i n a l l y . There i s a s e r i e s o f c o n c e n t r i c f o l d s around the south-
eastern c a l d e r a (Figure 4.3). The emplacement of the Glass Bheinn and 
Derrynaculen granophyres may be the cause of these f o l d s . However, 
according t o Skelhorn (1969) t h i s f o l d i n g took place due t o a 
c y l i n d r i c a l magma chamber r i s i n g through the c r u s t before the 
emplacement of two granophyres. The petrogenesis o f g r a n i t i c rocks 
i n the M u l l complex has been s t u d i e d by Walsh e t a l . (1979) by 
analysing major and t r a c e elements. I t was shown i n t h i s study, t h a t 
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However, o l i v i n e and b y t o w n i t e / a n o r t h i t e remain throughout as major 
components. This o l i v i n e content i s f a i r l y h igh, exceeding 50% o f the 
b u l k of the rocks. I n places, c o n c e n t r a t i o n o f o l i v i n e and chromiferous 
s p i n e l has produced an u l t r a b a s i c rock c l o s e r t o d u n i t e . Microsopic 
s t u d i e s have revealed t h a t i n some places, some o l i v i n e c r y s t a l s are 
covered w i t h dust l i k e magnetite p a r t i c l e s . The dominating component 
of the e u r c i t e rocks of the Ben Buie gabbro i s also o l i v i n e . Magnetite 
and chromiferous s p i n e l occur i n small amounts as s c a t t e r e d patches. 
P o r p h y r i t i c rocks i n the Ben Buie gabbro c o n t a i n comparatively low 
amounts o f o l i v i n e . Magnetite i s present throughout the rock as l a r g e 
i r r e g u l a r c r y s t a l s and granules. 
The Beinn Bheag gabbro i s another l a r g e mass o f gabbro i n the M u l l 
complex. Since t h i s i n t r u s i o n i s not i n c l u d e d i n the time sequence 
given by Skelhorn (1969), i t i s assumed t h a t i t was emplaced at the 
same time as the Ben Buie gabbro (Richey e t al.,1961). This i n t r u s i o n 
mainly c o n s i s t s o f o l i v i n e gabbro w i t h occasional l a r g e serpentined 
o l i v i n e . Some a c i d rocks occur i n patches near the summit o f Ben 
Bheag. B a i l e y et a l . (1924) r e p o r t e d the presence o f augite associated 
w i t h magnetite i n the a c i d i c f r a c t i o n s . 
Beinn Chaisgidle Centre 
The sequence here i s as f o l l o w s : 
1. Explosion vents. 
2. Second s u i t e o f E a r l y A c i d i c Cone Sheets. 
3. Second s u i t e o f E a r l y Basic Cone Sheets. 
4. Corra-bheinn Layered gabbro. 
5. A u g i t e - d i o r i t e mass of Cruachan and Gaodhail. 
6. Ring i n t r u s i o n s around Beinn C h a i s g i d l e . 
7. Late Basic Cone Sheets. 
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A major f e a t u r e o f t h i s c entre i s the l a r g e number of r i n g 
i n t r u s i o n s around Beinn Chaisgidle shaving a c i d i c , i n t e r m e d i a t e and 
basic compositions. The average w i d t h o f these r i n g i n t r u s i o n s i s 
about 157m (525 f t . ) and u s u a l l y they are separated from each ot h e r 
by the country rocks. The outermost and the l a r g e s t o f t h i s s u i t e 
i s the Glen More r i n g dyke. At Cruach C h o i r e d a i l the outcrop o f t h i s 
r i n g dyke becomes very steep and i n t h i s steep r e g i o n as one passes 
up the mountain s i d e , the rock type changes from basic t o a c i d i c 
through i n t e r m e d i a t e compositions. At the base, the rock type i s 
o l i v i n e b e a r i n g quartz-gabbro and i t changes t o d i o r i t i c rocks at 
i n t e r m e d i a t e h e i g h t s . At the summit o f Cruach C h o i r e d a i l , the rock 
type i s granophyre. The authors o f the M u l l Memoir ( B a i l e y et a l . , 
1924) have explained t h i s v e r t i c a l v a r i a t i o n o f rock types as a r e s u l t 
o f a g r a v i t a t i o n a l d i f f e r e n t i a t i o n . 
The Corra-bheinn layered gabbro i s another major body which was 
i n t r u d e d d u r i n g the a c t i v e p e r i o d o f the Beinn C h a i s g i d l e c e n t r e . 
The l a y e r i n g o f t h i s rock dips towards the l a t e c a l d e r a w i t h very steep 
angles. The cause of t h i s may be r e l a t e d t o the subsidence of the 
nearby l a t e caldera. As i n d i c a t e d by B a i l e y e t a l . (1924), these 
rocks are mainly o l i v i n e gabbro. Magnetic minerals such as magnetite 
occur from place t o place as patches or c r y s t a l s . 
Loch Ba Centre 
The sequence i n t h i s c e n t r e i s as f o l l o w s : 
1. Glen Cannel complex. 
2. E a r l y Beinn a'Ghraig Granophyre and F e l s i t e masses. 
3. Late Basic Cone Sheets. 
4. Knock Granophyre. 
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5. Beinn a'Ghraig Granophyre. 
6. Hybrid mass o f Sorn nam Boc and C o i l l e na Sroine. 
7. Loch Ba F e l s i t e Ring Dyke. 
Dykes were i n t r u d e d b e f o r e , d u r i n g and a f t e r the above time sequence. 
A l a r g e p o r t i o n o f the area around t h i s centre i s covered by the 
massive Glen Cannel and Beinn a'Ghraig granophyres and the r e l a t i v e l y 
small Knock granophyre. The Glen Cannel granophyre i s e i t h e r a 
stock or a t h i c k sheet, w h i l e the other two are r i n g dykes (Richey e t 
a l . , 1961). The Lock Ba f e l s i t e r i n g dyke i s another conspicuous 
f e a t u r e o f t h i s c e n t r e . This r i n g dyke which has almost complete 
outcrop i s symmetrical about the north-West a x i s . Both inner and 
oute r surfaces o f the r i n g dyke . dip towards the N.W. at angles 
o o 
between 70 and 80 . The Loch Ba r i n g dyke was i n t r u d e d approximately 
along the margins o f the north-western caldera which was subsiding at 
t h a t time. On the south-western, n o r t h - e a s t e r n and the southern 
p o r t i o n s o f the r i n g dyke there i s a crush zone which must have been 
caused by t h i s subsidence ( B a i l y e t a l . , 1924). According t o Lewis 
(1968), t h i s i s a zone o f gas b r e c c i a t i o n , r a t h e r than a crush zone. 
He suggested t h a t the cause was the ex p l o s i v e release o f gases from 
the f e l s i t e magma a c t i n g on the country rock, b e f o r e , d u r i n g and 
a f t e r the emplacement o f the Loch Ba r i n g dyke. There are some 
patches o f c e n t r a l type lavas i n s i d e t h i s r i n g dyke. The v e r t i c a l 
d i s t a n c e between these l a v a patches and the p l a t e a u lavas at Ben More 
i s about 915m(3000 f t . ) . Since the c e n t r a l type o v e r l i e s the p l a t e a u 
type elsewhere, downthrow o f the l a t e caldera should be about 915m 
( 3 0 0 0 f t . ) (Richey e t a l . , 1961). 
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4.2.3. Pneumatolysis and Hydrothermal A c t i v i t y 
I t was p o i n t e d out by B a i l e y e t a l . (1924) t h a t t h e r e i s a 
zone o f a l t e r e d b a s a l t i c lavas around the c e n t r a l i n t r u s i v e complex o f 
M u l l . Their f i e l d observations and microscopic s t u d i e s have shown 
t h a t t h e r e i s no f r e s h o l i v i n e i n most o f the rocks i n s i d e t h i s zone, 
and they also suggested t h a t t h i s a l t e r a t i o n was due t o pneumatolytic 
a c t i v i t y . I n s i d e t h i s zone a f pneuraatolysis (Figure 4.2), there are 
minute cracks i n lavas and some o f them are f i l l e d w i t h minerals such 
as epidote and a l b i t e . T aylor and Forester (1971) and Forester and 
Ta y l o r (19 76) have found t h a t most o f the rocks i n s i d e the area covered 
by the l i m i t of pneumatolysis are anomalously low i n oxygen 18 is o t o p e 
compared t o igneous rocks i n other p a r t s o f the w o r l d . They have 
explained t h i s as being due t o hydrothermal a c t i v i t y which must have 
taken place d u r i n g the time the igneous centres of the complex were 
a c t i v e . The meteoric ground water which i s thought t o have c i r c u l a t e d 
18 
around the igneous centres, had a very low 0 content and t h i s water 
16 18 
may have exchanged 0 f o r 0 w i t h the rocks• Most of the rocks i n 
the M u l l complex should have been h i g h l y permeable t o ground water 
due t o numerous cracks and j o i n t s . The ground water i n passing through 
these cracks and j o i n t s , became l i g h t e r or even vaporized due t o the 
h i g h temperatures o f the complex and moved upwards. On c o o l i n g , i t 
became denser and s t a r t e d s i n k i n g again (Figure 4.4). The r e s u l t i n g 
16 18 
convective c e l l s exchanged 0 f o r 0 w i t h i n the rocks. Walker (1971) 
who d i d a study o f amygdale mine r a l zones around the complex found t h a t 
t h e r e i s a zone of epidote minerals which approximately c o i n c i d e s w i t h 
the zone o f pneumatolysis and a zone o f p r e h n i t e beyond t h a t . I t i s 
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f o r m a t i o n of these minerals may have been s u p p l i e d by the hydrothermal 
c i r c u l a t i o n . 
4.2.4 Age o f the Igneous A c t i v i t y i n M u l l 
Seward and Holttum ( i n B a i l e y e t a l . , 1924) c a r r i e d out a 
study of f o s s i l f l o r a from i n t e r b a s a l t i c beds i n Ardtun i n M u l l and 
came t o the con c l u s i o n t h a t they are o f Eocene age. Results o f more 
recent s t u d i e s on the age o f b a s a l t i c lavas i n M u l l using Potassium-
Argon isotope methods by M i l l e r and Brown (1961) have given an age i n 
agreement w i t h t h a t o f Seward and Holttum. According t o M i l l e r and 
Brown t h i s igneous a c t i v i t y s t a r t e d i n Palaeocene or Eocene p e r i o d . 
Mussett e t a l . (1973) have shown by K-Ar age de t e r m i n a t i o n methods t h a t 
the M u l l lavas cannot be o l d e r than 62 m.y. The t e n t a t i v e age given 
f o r the N-W dyke swarm i n M u l l by them i s i n the i n t e r v a l 49-56 m.y. 
4.3 Previous G r a v i t y and Magnetic Studies o f the M u l l Complex 
4.3.1 G r a v i t y Studies 
Tuson (1959) and B o t t and Tuson (1973) c a r r i e d out a g r a v i t y 
survey over the M u l l igneous complex, and f i g u r e 4.5 gives the Bouguer 
anomaly map. This g r a v i t y anomaly map covers the area o f the igneous 
complex and surrounding lavas and the Bocuguer anomalies have a maximum 
value o f 72 mgal at Glen More i n the south-eastern c a l d e r a . The 
almost c i r c u l a r nature o f the anomaly i s d i s t o r t e d due to i t s e l o n g a t i o n 
along a S.E. - N.W. a x i s . D i s t o r t i o n i s also due t o the presence o f 
g r a n i t i c rocks i n the complex, which give, r i s e t o l o c a l negative 
anomalies. Tuson i n t e r p r e t e d the subsurface s t r u c t u r e which gives 
3 
r i s e t o the anomaly as a c y l i n d r i c a l body o f d e n s i t y c o n t r a s t 0.2 g/cm 
which extends t o a depth o f 17km w i t h a r a d i u s o f 8 km. The d i f f e r e n c e 
between observed and c a l c u l a t e d anomalies i s as much as 10 mgal i n 
3 
F i g u r e ^.5 Bauguer anomaly map o f t h e I s l e o f M u l l , s howing 
c o n t o u r s a t 5 mgal i n t e r v a l s from B o t t and T u s o n ( 1 9 7 3 ) . 
*, G r a v i t y s t a t i o n ; x , g a b b r o ; 0 , g r a n i t e . 
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c e r t a i n p l aces. Tuson explained some of these r e s i d u a l s as a r e s u l t of 
negative g r a v i t y anomalies caused by the g r a n i t i c rocks which were not 
considered i n the i n t e r p r e t a t i o n and the r e s t as a r e s u l t o f the 
d e v i a t i o n of the shape o f the subsurface mass from the assumed c y l i n d r i c a l 
shape. A s i m i l a r i n t e r p r e t a t i o n o f the M u l l complex was presented by 
M c Q u i l l i n and Tuson (1965). B o t t and Tuson (1973) suggested t h a t the 
subsurface s t r u c t u r e o f the M u l l complex may take a shape s i m i l a r t o a 
t r u n c a t e d cone. I t became c l e a r from Tuson (1959), t h a t i t i s necessary 
t o perform a d e t a i l e d three-dimensional i n t e r p r e t a t i o n , i n c l u d i n g the 
e f f e c t s o f g r a n i t i c rocks, t o o b t a i n a c l e a r p i c t u r e o f the subsurface 
s t r u c t u r e o f the M u l l complex. I n order t o f u l f i l l t h i s requirement 
B o t t ( p r i v a t e communications) c a r r i e d out a three-dimensional 
i n t e r p r e t a t i o n o f the M u l l complex using the end c o r r e c t i o n method 
( N e t t l e t o n , 1940). The r e s u l t s o f t h i s i n t e r p r e t a t i o n are presented 
i n Figure 4.6 w i t h the permission from the author (M.H.P.Bott). 
Figure 4.6 gives the r e s u l t s of the i n t e r p r e t a t i o n of the p r o f i l e AA* 
of Figure 4.5, i n terms o f a basic body of r e c t a n g u l a r p l a n p e r p e n d i c u l a r 
t o the p r o f i l e . This body which outcrops at the surface extends t o a 
depth o f 14km. The w i d t h (dimension of the body along the plane o f 
Figure 4.6) o f the body at the top surface i s 16km and a t the bottom 
i t i s 24km. The e f f e c t due t o the g r a n i t i c rocks was also i n c o r p o r a t e d 
i n t h i s i n t e r p r e t a t i o n and the estimated depth t o which these subordinate 
g r a n i t i c rocks extend i s between 1.5-2.2km. B o t t also i n t e r p r e t e d 
another p r o f i l e which passes through the centre o f the complex and Ross 
of M u l l . This p r o f i l e has been i n t e r p r e t e d i n terms o f a body which 
extends t o 5.2 km using a somewhat higher d e n s i t y c o n t r a s t . Using the 
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the c e n t r a l b asic body i n the M u l l complex extends t o a depth between 5 
and 14km depending on the a c t u a l d e n s i t y c o n t r a s t ; i . e . depending on 
the r e l a t i v e p r o p o r t i o n s o f basic and u l t r a b a s i c rocks i n the body. 
4.3.2. Magnetic Studies 
Aeromagnetic anomaly maps over the M u l l igneous complex 
(F i g u r e 4.3) have been prepared by the I n s t i t u t e o f Geological Sciences 
of Great B r i t a i n and they are a v a i l a b l e i n one i n c h t o one m i l e and 
qu a r t e r i n c h t o one m i l e scales. Bennett (1968) r e p o r t e d a ground 
magnetic survey c a r r i e d out by the same I n s t i t u t e . He also presented 
a q u a l i t a t i v e i n t e r p r e t a t i o n o f both aeromagnetic anomaly map and ground 
magnetic p r o f i l e s . I n t h i s i n t e r p r e t a t i o n he supported the idea o f 
having a condensed magma chamber i n c e n t r a l M u l l as proposed by B a i l e y 
e t al.(1924) and by va r i o u s authors who have performed g r a v i t y 
i n t e r p r e t a t i o n s . Bennett t e n t a t i v e l y estimated the depth t o the top 
surface o f t h i s body as 3.0 km below sea l e v e l . There are s e v e r a l 
s h o r t wavelength magnetic anomalies ou t s i d e the c e n t r a l complex t h a t 
can be seen on the aeromagnetic anomaly map. Bennett explained these 
anomalies as being caused by a s e r i e s o f v e r t i c a l or near v e r t i c a l 
bodies o u t s i d e the complex. 
4.4 I n t e r p r e t a t i o n of the Magnetic Anomalies Over the C e n t r a l Complex 
The magnetic anomaly map shown i n Figure 4.1 was d i g i t i z e d a t 
1 km i n t e r v a l s and was transformed i n t o pseudogravimetric anomalies 
using the method o f chapter 2. The a p p l i c a t i o n o f t h i s pseudogravimetric 
t r a n s f o r m a t i o n r e q u i r e s knowledge o f the d i r e c t i o n o f magnetization of 
rocks i n the r e g i o n concerned. Bruckshaw and Vincenz (1954) s t u d i e d 
the magnetic p r o p e r t i e s o f lavas i n the I s l e of M u l l and came t o the 
con c l u s i o n t h a t the d i r e c t i o n o f magnetization i s on average opposite 
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t o the present day earth's magnetic f i e l d . Vincenz (1954) showed t h a t 
the rocks i n the M u l l c e n t r a l complex have two main d i r e c t i o n s o f 
magnetization, one i n the d i r e c t i o n o f the present day e a r t h ' s f i e l d 
and the other i n the opposite d i r e c t i o n . Mussett e t a l . (1980) 
presented a summary of palaeomagnetic r e s u l t s o f M u l l lavas and 
i n t r u s i v e rocks published by previous workers. The d i r e c t i o n o f the 
c e n t r a l a x i a l d i p o l e f i e l d , c a l c u l a t e d from these r e s u l t s , i s f a i r l y 
close t o the present d i r e c t i o n o f the earth's f i e l d i n M u l l ( d e c l i n a t i o n 
= 0°, i n c l i n a t i o n = 71.8°). From these r e s u l t s i t can be concluded 
t h a t most of the i n t r u s i v e rocks and lavas i n the M u l l complex are 
magnetized aporoximately along the present d i r e c t i o n o f earth's f i e l d 
or along the opposite d i r e c t i o n . Therefore the present d i r e c t i o n o f 
the earth's magnetic f i e l d was used i n the pseudogravimetric conversion 
of magnetic anomalies over the M u l l complex. I n the r e s u l t i n g pseudogravi-
m e t r i c anomaly map, magnetic anomalies due to normally magnetized rocks 
appear as highs and those due t o r e v e r s e l y magnetized rocks appear as lows. 
The pseudogravimetric anomaly map obtained by t r a n s f o r m i n g the 
magnetic anomaly map of Figure 4.1 i s given i n Figure 4.7. This 
pseudogravimetric anomaly i s superimposed on a g e o l o g i c a l sketch of t h i s 
r e g i o n i n order t o i l l u s t r a t e the c o r r e l a t i o n between the geology and 
the anomaly(Figure 4.8). This anomaly map shows a p o s i t i v e anomaly over 
the c e n t r a l i n t r u s i v e complex and negative anomalies over the b a s a l t i c 
lavas. The p o s i t i v e anomaly i s intense over the Glen More and Beinn 
Chaisgidle centre and i t i s very weak over the Loch Ba centre which 
c o n s i s t s mainly o f g r a n i t i c rocks. The intense p o s i t i v e anomaly over 
the Glen More and Beinn Chaisgidle centres has very steep g r a d i e n t s 
i n d i c a t i n g the shallow nature o f the causative body. I t i s also u s e f u l 
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F i g u r e k*7 P s e u d o g r a v i m e t r i c anomaly map of the Mull c e n t r a l 
i n t r u s i v e complex, showing contours at 5o mgal i n t e r v a l s , 
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t o compare the pseudogravimetric anomaly w i t h the r e a l g r a v i t y anomaly 
map g i v e n i n Figure 4.4. The maximum of the pseudogravimetric anomaly 
i s s i t u a t e d over Glen More i n the M u l l complex and t h a t o f the g r a v i t y 
anomaly i s s i t u a t e d about 3 km westward of t h i s . Both the g r a v i t y and 
pseudogravimetric anomalies have f a i l r l y s i m i l a r shapes. However, the 
e x t e n t o f the g r a v i t y anomaly i s much l a r g e r than the e x t e n t o f the 
pseudogravimetric anomaly. To i l l u s t r a t e t h i s more c l e a r l y the g r a v i t y 
and pseudogravimetric anomaly p r o f i l e s taken along |sara/|ef l i n e s are 
shown i n Figure 4.9. The d i f f e r e n c e i n extent o f g r a v i t y and pseudograviraetric 
anomalies i n d i c a t e s t h a t the body producing the g r a v i t y anomaly i s much l a r g e r 
than the body producing the magnetic anomaly. More d e t a i l s about t h i s can 
be found c o m p a r i n g A r e s u l t s o f i n t e r p r e t a t i o n s o f two p r o f i l e s . 
I t i s c l e a r from the c e n t r a l p a r t o f the pseudogravimetric anomaly 
t h a t i t must have been produced by a body having a shape close t o a v e r t i c a l 
c y l i n d e r . Normal two-dimensional i n t e r p r e t a t i o n s may be i n s u f f i c i e n t t o 
o b t a i n the nature of the subsurface s t r u c t u r e causing t h i s anomaly. 
Therefore the i n t e r p r e t a t i o n was performed i n terms of a three-dimensional 
body using the end c o r r e c t i o n method (chapter 3 ) . The pseudogravimetric 
p r o f i l e given i n Figure 4.9 was used f o r t h i s i n t e r p r e t a t i o n . F i r s t i t 
was i n t e r p r e t e d i n terms o f a 3-D body using end c o r r e c t i o n s u s i n g the 
F o r t r a n r o u t i n e GREND (chapter 3) which uses the t r i a l and e r r o r method. 
The end c o r r e c t i o n method r e q u i r e s the t r i a l model t o be d i v i d e d i n t o a 
number of polygonal prisms (see 3.2) and Figure 4.10 shows the way i n which 
d i v i s i o n was performed. Results o f t h i s i n t e r p r e t a t i o n are given i n 
F i g u r e 4.11. This body has an approximate shape of a t r u n c a t e d cone and 
extends t o a depth o f 2.6 km and i t s magnetization i s 6.0 A/ra. The 
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F i g u r e 4.11 I n t e r p r e t a t i o n of the pseudogravimetric p r o f i l e PP 
o f F i g u r e ^.8 u s i n g the program GREND. 
60 
r o u t i n e OPGREND (chapter 3) which uses a n o n - l i n e a r o p t i m i z a t i o n technique 
i n i n t e r p r e t i n g g r a v i t y anomalies w i t h end c o r r e c t i o n s . A c r o s s - s e c t i o n 
of the o p t i m a l body obtained i s shown i n Figure 4.12 together w i t h observed 
and c a l c u l a t e d anomalies. The shape o f the body approximates t o a 
tr u n c a t e d cone as was suggested by the i n t e r p r e t a t i o n using GREND. The 
top surface o f the body has a diameter o f 3.7 km and the bottom surface 
of i t has a diameter 10.7 km along the d i r e c t i o n o f the p r o f i l e . The 
diameter o f the top surface perpendicular t o the p r o f i l e i s 5.0 km and 
t h a t of the bottom surface i s 6.0 km. The magnetization of th6 body i s 6.7A^m and i t 
extends, t o a depth of 2.1km. Owing t o the ambiguity i n g r a v i t y and magnetic i n t e r p r e -
t a t i o n (see 3, 4) the model produced here i s not unique and there dan be se v e r a l 
other models which e q u a l l y s a t i s f y observations. However, the main 
f e a t u r e s o f t h i s model must be common t o a l l p o s s i b l e models. 
The most recent and complete g r a v i t y i n t e r p r e t a t i o n of the M u l l 
complex has been performed by B o t t (Figure 4.6). The p r o f i l e s used f o r 
t h i s i n t e r p r e t a t i o n and f o r the pseudogravimetric i n t e r p r e t a t i o n p r e v i o u s l y 
discussed are p a r a l l e l and close t o each o t h e r . I t i s t h e r e f o r e p o s s i b l e 
t o compare the r e s u l t s o f the two i n t e r p r e t a t i o n s d i r e c t l y . The r e s u l t s 
•the 
o f A t w o i n t e r p r e t a t i o n s are gi v e n i n Figure 4.13 at the same sca l e . From 
t h i s diagram i t i s c l e a r t h a t the body which produces the g r a v i t y anomaly 
i s much l a r g e r than the body which produces the magnetic anomaly. 
4.5 I n t e r p r e t a t i o n of Magnetic Anomalies Around the Cen t r a l Anomaly 
As i n d i c a t e d i n the i n t r o d u c t i o n there are some l o c a l negative magnetic 
anomalies over the regions covered w i t h b a s a l t i c lavas which surround 
the c e n t r a l complex. Therefore i t i s p o s s i b l e t h a t these anomalies may 
have been caused by the b a s a l t i c l a v a s . 
The t h i r d type o f magnetic anomalies i n M u l l is a r i n g o f r e l a t i v e l y 
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F i g u r e Zf«12 I n t e r p r e t a t i o n of the pseudogravimetric p r o f i l e PP'of 
F i g u r e Zf«8 u s i n g the program OPGPEND. 
DISTANCE (km) 
A ' ( S E ) 85 (NW) ^2 3 0 0 2 0 - 0 ID-© 




10 2-80 2-80 
15-
RM 
F i g u r e if.13 R e s u l t s of the g r a v i t y ( a f t e r B o t t , p r i v a t e communications) 
and pseudogravimetric - i n t e r p r e t a t i o n s of the Mull complex.Density 
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of the pseudogravimetric anomaly. 
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s h o r t wavelength p o s i t i v e and negative anomalies o u t s i d e the c e n t r a l 
complex. I n order t o i l l u s t r a t e the c o r r e l a t i o n between these anomalies 
and the geology of the area, p o s i t i o n s o f these anomalies are marked w i t h 
c i r c l e s on the g e o l o g i c a l map i n Figure 4.14. Most o f these anomalies 
occur over the b a s a l t i c lavas. However, the e x t e n t o f b a s a l t i c lavas 
i s much l a r g e r than the wavelength o f these anomalies. Nevertheless, 
there are c e r t a i n areas where the lavas have been f o l d e d and the anomalies 
i n such areas might be due t o the f o l d e d lava s t r u c t u r e . This idea was 
te s t e d by c a l c u l a t i n g the anomaly due to the f o l d e d l a v a s t r u c t u r e below 
the anomaly cast o f Loch Buie (Anomaly No.l, Figure 4.14*), and comparing 
observed and c a l c u l a t e d anomalies. A g e o l o g i c a l c r o s s - s e c t i o n of t h i s 
l a v a s t r u c t u r e i s given i n Figure 4.15. The anomaly due t o the l a v a 
s t r u c t u r e was c a l c u l a t e d assuming t h a t i t i s a two-dimensional body and 
the observed and c a l c u l a t e d anomalies are shown i n Figure 4.16. I t i s 
c l e a r from Figure 4.16 t h a t t h e r e i s no agreement between observed and 
c a l c u l a t e d anomalies. Therefore these anomalies cannot be due t o the 
f o l d e d l a v a s t r u c t u r e and they may be due t o a set o f separate i n t r u s i o n s 
o u t s i d e the complex. 
Seven d i f f e r e n t anomalies were s e l e c t e d from the r i n g o f s h o r t wave-
l e n g t h anomalies and they were i n t e r p r e t e d i n terms of 2D bodies having 
r e c t a n g u l a r c r o s s - s e c t i o n s . This i n t e r p r e t a t i o n was f i r s t performed using the 
PL1 r o u t i n e MAGN ( B o t t , 19 75) and l a t e r on the r e s u l t s were improved f u r t h e r u s i n g 
the F o r t r a n r o u t i n e s MAGI and MAG2 (Chapter 3 ) which use n o n - l i n e a r o p t i m i -
zation-techniques. ResultaOf these i n t e r p r e t a t i o n s are depic t e d i n Figure 
4.17 t o Fig u r e 4.23. The main f e a t u r e s o f the bodies obtained by these 
i n t e r p r e t a t i o n s are given i n t a b l e 4.1. As can be seen i n Figure 4.14, 
th e r e are some i n t r u s i v e bodies which outcrop below some o f these anomalies. 
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F i g u r e 4.16 A p r o f i l e of the magnetic anomaly No.l of F i g u r e 
i f . l i f a l ong the SW-NE d i r e c t i o n and c a l c u l a t e d magnetic anomaly 
due to the f o l d e d l a v a s t r u c t u r e s i t u a t e d below the anomalyNo.l. 
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Figure 4-»17 I n t e r p r e t a t i o n o f magnetic anomaly No*l o f Figure 
Magnetization of the body=19»2 A/m. I n c l i n a t i o n o f the magnet 
v e c t o r s -88.6* 
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Figure 4.18 I n t e r p r e t a t i o n o f magnetic anomaly No.2 of Figure 4.14. 
Magnetization o f the body=5.8 A/m, I n c l i n a t i o n o f the magnetization 
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Figure /f.19 I n t e r p r e t a t i o n o f magnetic anomaly No.3 of Figure 4.1Jf» 
M a g n e t i z a t i o n o f the body =12.^- A/ra. I n c l i n a t i o n o f the m a g n e t i z a t i o n 
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F i g u r e i+.2o I n t e r p r e t a t i o n o f magnetic anomaly No.4 of Figure .4»14« 
M a g n e t i z a t i o n o f the body=3«l A/m. I n c l i n a t i o n o f the m a g n e t i z a t i o n 
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F i g u r e I n t e r p r e t a t i o n of magnetic anomaly No.5 of Figu 
M a g n e t i z a t i o n of the body= 6.1 A/m. I n c l i n a t i o n of the mags 
v e c t o r s -62.7I 
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F i g u r e 4*22 I n t e r p r e t a t i o n o f magnetic anomaly No.6 o f Fig u r e k*lk* 
M a g n e t i z a t i o n o f the body=15.6 A/m. I n c l i n a t i o n o f the m a g n e t i z a t i o n 
v e c t o r = 6 i f * i f * 
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Figure 4»23 I n t e r p r e t a t i o n o f magnetic anomaly No .7 o f Figure 4»l*f» 
Magnetization o f the body= 27»9 A/m. I n c l i n a t i o n o f the magnetization 
v e c t o r = -77,9°. 
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TABLE 4.1 
Anom. D i r n . o f Magnetization Dimensions o f the body (km) 
no. the p r o f i l e Mag.(A/m) I n c l i n a t i o n Width Thickness Depth t o the top 
1 SW-NE 19.2 -88.6° 0.72 0.45 0.6 
2 W-E 5.8 -81.5° 1.17 0.95 0.3 
3 NW-SE 12.4 70.6° 0.59 2.4 0.64 
4 SW-NE 3.1 48.8° 0.58 19.5 0.52 
5 SWW-NEE 6.1 -62.7° 0.56 4.32 0.68 
6 NNW-SSE 15.6 64.4° 0.15 4,42 0.58 
7 NWW-SEE 27.9 -77.9° 0.10 2.26 0.4 
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t h i s r i n g o f r e l a t i v e l y s h o r t wavelength anomalies may be produced by a 
set o f i n t r u s i o n s which do not outcrop. 
4.6 Results of a Ground Magnetic Survey 
A ground magnetic survey was c a r r i e d out using a p r o t o n magnetometer 
over the b a s a l t i c lavas s i t u a t e d between Loch Na Keal and Loch Ba and 
over the Loch Assapol f a u l t ( F i gure 4.24) where b a s a l t i c lavas are f a u l t e d 
against o l d e r Moine rocks. I t was found t h a t there i s a l a r g e s c a t t e r 
i n the measurements taken over the b a s a l t i c lavas s i t u a t e d between 
Loch Na Keal and Loch Ba and t h e r e f o r e measurements are not s u i t a b l e 
f o r the i n t e r p r e t a t i o n . The measurements taken over the Loch Assapol 
f a u l t are shown i n Figure 4.25 and Figure 4.26. I t i s c l e a r from these 
two p r o f i l e s t h a t the lavas are r e v e r s e l y magnetized. 
4.7 Discussion 
I t became evident from the i n t e r p r e t a t i o n of magnetic anomalies 
over the c e n t r a l i n t r u s i v e complex of M u l l t h a t only the middle p a r t o f 
the complex around Glen More c o n s i s t s of h i g h l y magnetized rocks. 
These rocks are normally magnetized w i t h an i n t e r p r e t e d magnetization 
of 6.7 AM and extend t o a depth of 2.1 km. The h i g h l y magnetized 
c e n t r a l p a r t and the surrounding weakly magnetized rocks both should 
have a h i g h d e n s i t y as they produce an intense p o s i t i v e g r a v i t y anomaly. 
Since h i g h d e n s i t y i s a p r o p e r t y of basic rocks, the c e n t r a l p a r t o f 
the complex should c o n s i s t o f basic rocks having a h i g h content o f 
magnetic minerals such as magnetite. The outer p a r t of the complex 
should c o n s i s t o f basic rocks w i t h a low content o f magnetic minerals. 
There are three l a r g e basic bodies, which outcrop, i n the outer p a r t 
of the c e n t r a l complex of M u l l . They are the Beinn Bheag layered 
gabbro, the Corra-bheinn layered gabbro and the Ben Buie layered gabbro. 
I n the d i s c u s s i o n of geology of M u l l given i n 4.2, i t was shown t h a t 
these t h r e e rock masses do not c o n t a i n a h i g h amount of magnetic 
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minerals. Nevertheless, they are f a i r l y r i c h i n o l i v i n e . These 
rocks could therefore be of high density p a r t i c u l a r l y i f t h e i r o l i v i n e 
content i s high and at the same time do not show any strong magnetic 
properties. I f o l i v i n e occurs i n any quantity at depth, these rocks 
w i l l produce a strong p o s i t i v e g r a v i t y anomaly, but l i t t l e i n the way 
of a magnetic anomaly. By contrast, i n the middle part of the 
central complex there are numerous quartz d o l e r i t e and quartz gabbros 
which, while being composed of f a i r l y dense minerals, also contain 
magnetic minerals such as magnetite and t i t a n i f e r o u s magnetite (Bailey, 
et a l . , 1924). Polished rock specimens from the central part of the 
complex i n the Durham University Geology Department rock c o l l e c t i o n 
showed the presence of a high amount of magnetite together w i t h ilmenite 
lamellae when viewed w i t h r e f l e c t e d l i g h t ( R . P h i l l i p s , p r i v a t e 
communications). I n addition, magnetic measurements performed 
by Vincenz (1954) and Mussettand Dagley (private communications) 
reveal that some of the rocks i n the central part of the complex are 
highly magnetized. Therefore the middle part of the complex may be 
underlain by basic rocks having a high proportion of magnetic minerals. 
According to these f a c t s , the model obtained f o r the central complex 
of Mull from the magnetic i n t e r p r e t a t i o n i s consistent w i t h the 
surface geology of the area. 
I t i s revealed from the i n t e r p r e t a t i o n of the r i n g of r e l a t i v e l y 
short wavelength anomalies that they are not due to lavas, but due to 
some shallow i n t r u s i v e bodies outside the complex. Bennett (1968) 
who has presented a q u a l i t a t i v e i n t e r p r e t a t i o n of ground and aeromagnetic 
anomaly maps of the Mull complex has also suggested the existence of 
such a series of v e r t i c a l or near v e r t i c a l bodies outside the complex. 
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Table 4.1 shows that these bodies have d i f f e r e n t d i r e c t i o n s of 
magnetization. This f a c t might suggest that these bodies were 
intruded at d i f f e r e n t times when there were d i f f e r e n t p o l a r i t i e s i n 
the earth's magnetic f i e l d . However, i t i s possible t o change the 
o r i g i n a l d i r e c t i o n of magnetization of a body due to deuteric 
oxidation and hydrothermal a c t i v i t i e s (Ade-Hall et al.,1972). 
Therefore i t i s not possible t o conclude that these bodies were 
intruded at d i f f e r e n t times when the earth's magnetic f i e l d had 
d i f f e r e n t p o l a r i t i e s . As can be seen from Figure 4.13 these anomalies 
situated f a i r l y close t o the outer part of central i n t r u s i v e complex. 
Therefore one might conclude that these bodies may have been intruded 
from the outer part of the central complex. However, t h i s i s 
u n l i k e l y since the outer part of the complex i s weakly magnetized 
and these bodies are strongly magnetized. There i s a large number 
of magnetized dykes inside and outside the central complex and some 
of them could have been feeders f o r these bodies. 
The nature of the subsurface structure of the Mull complex 
revealed from t h i s magnetic i n t e r p r e t a t i o n can be summarized as follows. 
The subsurface structure of the Mull complex consists of a strongly 
and normally magnetized core surrounded by some weakly magnetized 
rocks. This strongly magnetized core i s shallower than the surrounding 
weakly magnetized rocks. The centre of t h i s magnetized core i s 
situated close t o the Glen More i n t r u s i v e centre. The weakly magnetized 
part i s surrounded by a r i n g of normally and reversely magnetized bodies. 
Basaltic lavas situated outside the cen t r a l complex are reversely 
magnetized. The g r a n i t i c rocks of the complex, which are situated 
outside the magnetized core, must be weakly magnetized. 
CHAPTER 5 66 
INTERPRETATION OF MAGNETIC ANOMALIES OVER THE SKYE IGNEOUS COMPLEX 
5.1 Introduction 
An i n t e r p r e t a t i o n of magnetic anomalies over the Skye igneous 
complex i s presented i n t h i s chapter. Figure 5.1 shows the aeromagnetic 
anomaly map over t h i s complex. On t h i s map there i s a region of intense 
negative ana&nualies over the C u i l l i n centre and a region of extensive 
p o s i t i v e anomalies over the Western and Eastern Red H i l l s centres of 
the Skye igneous complex (see Figures 5.2 and 5.4). There are several 
negative anomalies and some po s i t i v e anomalies over the northern region 
of Skye which i s covered w i t h b a s a l t i c lavas. As i n case of Mull, 
i n t e r p r e t a t i o n was performed by transforming magnetic anomalies to 
the less complicated pseudogravimetric anomalies. A three-dimensional 
model f o r the subsurface structure of the Skye igneous complex was 
obtained by i n t e r p r e t i n g the pseudogravimetric anomaly using the end 
corre c t i o n method (Nettleton, 1940). The res u l t s of t h i s i n t e r p r e t a t i o n 
are presented i n t h i s chapter, preceded by a b r i e f account of the 
Te r t i a r y igneous geology of the Skye igneous complex and a review of 
previous g r a v i t y and magnetic studies performed on the area. 
5.2 T e r t i a r y Igneous Geology of Skye 
The e a r l i e s t recognisable volcanic a c t i v i t y i n Skjswas a period 
of p y r o c l a s t i c a c t i v i t y producing agglomerates and t u f f s (Harker, 1904, 
Anderson and Dunham, 1966). This was followed by the extrusion of 
bas a l t i c lavas. At present these lavas can mainly be seen i n northern, 
western and south-eastern Skye (Figure 5.2) and they cover an area of 
2 
approximately 1500km „ The greatest thickness of lavas occurs i n 
northern Skye where i t i s over 600m (2000ft). This lava sequence 
extends seawards f o r several tens of kilometers beyond Skye towards 
the west and south-west (Figure 5.3). The present d i s t r i b u t i o n of 
F i g u r e 5*1 Aeromagnetic anomaly map over the I s l e o f Skye. Contours 
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lavas on Skye suggests that they have been extruded from several 
fissures r e l a t e d to a cen t r a l volcano (Anderson and Dunham, 1966). 
Skye lavas consist mainly of o l i v i n e basalts. Mugearite and b i g -
felspar mugearite basalts can be found i n the upper part of the lava 
succession (Stewart, 1965). 
Extrusion of bas a l t i c lavas from fissures i n Skye was followed 
by the i n t r u s i o n of pluto n i c bodies. This i n t r u s i v e a c t i v i t y was 
concentrated i n four major centres i n central Skye. I n chronological 
order these are the C u i l l i n centre,.the Strath na Creitheach centre, 
the Western Red H i l l s centre and the Eastern Red H i l l s centre. 
Figure 5.4 shows the various igneous intrusions associated w i t h the 
four centres. The sequence of igneous events of the Skye complex has 
been given by B e l l (1976) and by Emeleus (1982). The C u i l l i n centre 
consists of basic and ultraba s i c rocks while the other three centres 
consist mainly of g r a n i t i c rocks. I n addition to the major intrusions 
around the four centres, minor intrusions such as dykes also took place 
throughout the time Skye igneous complex was active. These minor 
intrusions are mainly basic rocks and therefore b a s a l t i c magma must 
have been available throughout the h i s t o r y of the complex. 
5.2.1 The C u i l l i n Centre 
This centre consists mainly of layered and unlayered basic 
and u l t r a b a s i c rocks which cover an approximately c i r c u l a r area having 
a diameter of about 8 km. According t o Harker (1904) the C u i l l i n 
Complex i s a l a c c o l i t h of ultraba s i c rocks intruded by a subsequent 
gabbroic l a c c o l i t h . Later work by Zi n o v i e f f (1958), Weedon (1961, 1965) 
and Wager and Brown (1968) on the layering of basic and u l t r a b a s i c 
rocks suggested that the layered rocks i n the C u i l l i n centre resulted 
from c r y s t a l accumulation and d i f f e r e n t i a t i o n w i t h i n a magma chamber. 
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The southern, western and northern parts of the layered rocks are 
bounded by unlayered older rocks known as the outer gabbro and Gars-
bheinn gabbro (Figure 5.4). A f t e r the i n t r u s i o n of these unlayered 
gabbros, a massive pool of basic magma was formed i n the C u i l l i n area. 
Layered ultrab a s i c rocks (Sgur Dubh p e r i d o t i t e series and A l l i v a l i t e 
series) and basic rocks (Eucrite series and Gabbro series) were formed 
from t h i s magma. Relative v e r t i c a l movements of various parts of 
the layered rocks and subsequent erosion are responsible f o r the 
present complicated s t r u c t u r a l arrangement of the C u i l l i n rocks (Wager 
and Brown, 1968). I n addition to the major basic and ultraba s i c 
rocks, i n t r u s i o n of basic cone sheets and dykes took place during the 
time wtanthe C u i l l i n centre was active. A few acid rocks such as 
Coire Uaigneich granophyre were emplaced during the l a t e stages of 
t h i s centre. 
5.2.2 The Strath na Creitheach Centre 
This i s the smallest igneous centre i n the Skye complex. 
I t has the smallest area as w e l l as the smallest number of intrusions 
compared to the other three centres. As indicated i n 5.2.1 there are 
several cone sheets which cut the nearby C u i l l i n centre. Absence 
of such cone sheets i n the Strath na Creitheach centre indicates that 
i t i s younger than the C u i l l i n centre. Furthermore, the g r a n i t i c 
rocks of t h i s centre trangressively cut the gabbroic rocks of the 
C u i l l i n centre (Figure 5.4) and t h i s f u r t h e r substantiates i t s post 
C u i l l i n age. The e a r l i e s t member of t h i s centre i s a semicircular 
volcanic vent, w i t h blocks of gabbro and cone sheets, having an area 
o 
of about l„8km ( B e l l , 1976). Ruadh Stac, Meall Dearg and Blaven 
granites (Figure 5.4) are the other members of the Strath na Creitheach 
centre. 
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5.2.3 The Western Red H i l l s Centre 
Harker (1904) described the western Red H i l l s centre as a 
complex l a c c o l i t h of g r a n i t i c rocks. More recent studies by Richey 
et a l . (1946, 1947), Wager et al.(1965), B e l l (1966) have shown that 
t h i s centre consists of several g r a n i t i c i n t r u s i o n s . Absence of 
cone sheets, which can be found i n large numbers i n the C u i l l i n centre, 
i n Western Red H i l l s demonstrates i t s post C u i l l i n age. Truncation 
of the Meall Dearg granite o f the Strath na Creitheach centre by the 
Marsco epigranite of the Western Red H i l l s centre indicates i t s post 
Strath na Creitheach age. Presence of lavas over some g r a n i t i c 
mountains i n the Western Red H i l l s centre suggests that the o r i g i n a l 
s t r u c t u r a l l e v e l of these rocks cannot be much higher than the present 
l e v e l . Contacts between country rocks and granites and between the 
major granites themselves are dipping outwards at angles between 30 
and near v e r t i c a l . F l a t l y i n g r o o f - l i k e contacts between d i f f e r e n t 
granites can also be observed ( B e l l , 1966, Emeleus, 1982). I n addition 
t o these major g r a n i t i c rocks, there are some gabbroic and hybrid rocks 
i n t h i s centre. Gabbroic rocks of the Western Red H i l l s centre have 
outcropped near Marsco and they were emplaced sh o r t l y before the 
emplacement of the e a r l i e s t g r a n i t i c member, the Glamaig epigranite, 
of t h i s centre (Thompson, 1969). Hybrid rocks of the Western Red 
H i l l s centre also outcrop near Marsco. Harker (1904) gave the name 
marscoite t o these hybrid rocks. Marscoite hybrid rocks e x i s t 
together w i t h some p o r p h y r i t i c f e l s i t e and f e r r o d i o r i t e rocks and 
they are known as the marscoite sui t e of rocks. The marscoite s u i t e 
of rocks, which takes the form of a narrow discontinuous r i n g dyke, 
cuts several g r a n i t i c members of the Western Red H i l l s centre (Figure 
5.4). Widespread occurrence of marscoite rocks i n c e n t r a l Skye 
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suggests that marscoite may have been available as a separate magma 
( B e l l , 1976). Wager et al.(1965) suggested that the marscoite magma 
must have been formed at depth due t o the mechanical mixing of p o r p h y r i t i c 
f e l s i t e and f e r r o d i o r i t e magmas. The o r i g i n of the f e r r o d i o r i t e magma 
has been discussed by Wager and Vincent (1962). According to them, 
t h i s magma has originate d as a r e s u l t of d i f f e r e n t i a t i o n of basic 
magma of a mafic layered i n t r u s i o n below the Western Red H i l l s centre. 
5.2.4 The Eastern Red H i l l s Centre 
This i s the l a s t major igneous centre i n the Skye complex 
and i t has been least w e l l studied of the four centres. The Eastern 
Red H i l l s centre consists of several g r a n i t i c i n t r u s i o n s , two major 
gabbroic intrusions and some hybrid rocks i n the K i l c h r i s t Vent (Figure 
5.4). The Glas Bheinn Mhor granite, one of the e a r l i e s t rocks of t h i s 
centre, cuts some of the rocks of the Western Red H i l l s centre (Figure 
5.4) i n d i c a t i n g i t s younger age. The central part of the Eastern Red 
H i l l s centre i s occupied by conspicuous Beinn na C a i l l i c h granite. 
The Beinn na Dubhaich granite, which i s situated south of the Beinn 
na C a i l l i c h granite (Figure 5.4), has been subjected to more det a i l e d 
investigations compared to other members of the Eastern Red H i l l s 
centre. Harker (1904) described t h i s granite as a boss Wt l a t e r 
work by King (1960) suggested that i t has a sheet l i k e s t r ucture. 
5.2.5 Origin of the Granitic Rocks i n Skye 
The o r i g i n of the Skye granites was f i r s t discussed by 
Harker (1904). According to him these granites were emplaced as a 
re s u l t of c r y s t a l f r a c t i o n a t i o n of bas a l t i c magma. Brown (1963) 
showed that the composition of g r a n i t i c rocks i n Skye can be almost 
e n t i r e l y expressed by a NaAlSi.O -KAlSi.O -SiO -H..0 system. By 
d o o o 2 2 
using the p o s i t i o n of the composition of Skye granites i n the 
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NaAlSi o0-KAlSi o0 -SiO -Ho0 system he showed that the granites could 
have originated from the p a r t i a l melting of underlying Lewisian 
basement at a depth of 3-4km. Further evidence f o r the c r u s t a l 
o r i g i n of the Skye granites came from a strontium isotope study of 
the granites by Moorbath and B e l l (1965). I n t h i s study, they found 
,, . .87 /86 N 
Sr/ Sr i n i t i a l r a t i o s o f S k y e basic rocks are d i f f e r e n t 
from that of the acidic rocks. This indicates that the source region 
of acidic rocks cannot be the same as the source region of basic rocks. 
Moorbath and B e l l (1965) therefore concluded that Skye granites must 
have been produced by the p a r t i a l melting of underlying Lewisian 
rocks. Moorbath and Welke (1969) showed both g r a n i t i c and gabbroic 
rocks of the Skye complex contain varying amounts of ancient c r u s t a l 
lead. The percentage of c r u s t a l lead present i n the g r a n i t i c rocks 
varies from 35 to 77. Since t h i s v a r i a t i o n i s too high Moorbath and 
Welke (1969) came to the conclusion that both the melting of the 
Lewisian basement and the c r y s t a l f r a c t i o n a t i o n of basic magma must 
have contributed to the production of g r a n i t i c magma. Most of the 
18 
rocks i n the Skye igneous complex are highly depleted i n 0 isotope 
and Taylor and Forester (1971) showed that t h i s was due to the c i r c u l a t i o n 
of heated ground water w i t h i n the complex during the time i t was cooling 
(see 4.2.3). This hydrothermal c i r c u l a t i o n could have disturbed the 
87 / 86 Sr isotope r a t i o and calculated ( _ / '). , r a t i o from * Sr/ Sr i n i t i a l 
observations may not give the r a t i o at the time rock was formed. 
Therefore i t i s not possible to ignore c r y s t a l f r a c t i o n a t i o n as a 
possible hypothesis f o r the o r i g i n of Skye granites from Sr isotope 
studies. D ickin (1981) studied lead isotope r a t i o s of Skye g r a n i t i c 
rocks using samples selected from s i t e s which are not effected by the 
hydrothermal c i r c u l a t i o n s and showed that g r a n i t i c magma has been 
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generated as a r e s u l t of both p a r t i a l melting of crust and bas a l t i c 
d i f f e r e n t i a t i o n . The proportion of c r u s t a l component varies from 
10% t o 30% from older t o younger rocks. 
5.2.6 Age of the Igneous A c t i v i t y i n Skye 
Rb-Sr age determinations of Skye granites by Moorbath and 
B e l l (1966) have shown that the mean age of Western and Eastern Red 
H i l l s granites i s 54*2 m.y. Their work d i d not show any s i g n i f i c a n t 
difference i n ages of Western and Eastern Red H i l l s granites. 
Dickin (1981) determined the age of p e r i d o t i t e rocks of the C u i l l i n centre 
by using the same technique and found that the rocks are 60 m.y. o l d . 
The lavas of Skye, which predates the C u i l l i n rocks must be older than 
60 m.y. 
5.3 Previous Gravity and Magnetic Studies of the Skye Igneous Complex 
5.3.1 Gravity Studies 
The Bouguer g r a v i t y anomaly map over the Skye igneous complex 
has been prepared by Tuson (1959) and Bott and Tuson (1973) and i t i s 
shown i n Figure 5.5. This p o s i t i v e g r a v i t y anomaly which has a 
near c i r c u l a r symmetry has a maximum value of 73 mgal over the southern 
part of the C u i l l i n centre, Tuson (1959) interpreted the Skye g r a v i t y 
anomaly i n terms of a basic c y l i n d r i c a l body which extends to a depth 
3 
of 17km having a radius of 8km and a density contrast of 0.2 g/cm . 
A large area of the Skye igneous complex i s covered w i t h the g r a n i t i c 
rocks of the three l a t e centres (Figure 5.4). The e f f e c t of these 
granites was not included i n t h i s i n t e r p r e t a t i o n . As a r e s u l t of 
t h i s and because the shape of the subsurface structure d i f f e r e d 
from the assumed c y l i n d r i c a l shape, the discrepancy between the 
observed and calculated anomalies was up to 11 mgal i n places. 
McQuillin and Tuson (1965) presented a s i m i l a r i n t e r p r e t a t i o n of 
F i g u r e 5»5 Bouguer anomaly map o f the I s l e of Skye, showing 
c o n t o u r s a t 5 mgal i n t e r v a l s , .from Bott and Tuson (1973). 
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the Skye complex. Bott and Tuson (19 73) performed a detailed three 
dimensional i n t e r p r e t a t i o n of the g r a v i t y anomaly map of the Skye 
complex using the end correction method (Nettleton, 1940). They 
interpreted the p r o f i l e AA* of Figure 5.5 i n terms of a body having 
a shape s i m i l a r to a truncated cone which extends to a depth of 14km. 
The e f f e c t due to the subordinate g r a n i t i c rocks was also included 
i n t h i s i n t e r p r e t a t i o n and the depth to which they extend was found 
to be i n the range 1.0 - 1.6km below sea l e v e l . A cross-section of 
the model obtained together w i t h density values used are shown i n 
Figure 5.6. The widths of the body i n a d i r e c t i o n perpendicular t o 
the p r o f i l e at the top and bottom surfaces are 12km and 18km 
respectively. I n the model the densities of basic and acidic 
3 3 
parts of the body we^ taken as 3.01 g./cm and 2.61 g/cm respectively 
3 
and the density of the background rocks as 2.80 g/cm . The density 
used f o r the basic rocks e i t h e r corresponds t o dense gabbro or to a 
mixture of 75% gabbro and 25% ultraba s i c rocks. Bott and Tuson 
(1973) produced another model fo r the Skye igneous complex which 
3 
extends to a depth of 5.5 km using a density of 3.15 g/cm f o r the 
aense rocks. This density value corresponds to almost 100% 
ult r a b a s i c rocks. The nature of the subsurface structure of the 
Skye igneous complex must l i e between these two models depending 
on the r a t i o of basic to ultraba s i c rocks present i n the complex. 
5.3.2 Magnetic Studies 
Aeromagnetic anomaly maps over the Skye igneous complex 
(Figure 5.1) have been published by the I n s t i t u t e of Geological Sciences 
of Great B r i t a i n i n one inch t o one mile and quarter inch to one mile 
scales. Brown and Mussett (1976) discussed the nature of the sub-
surface structure of the Skye igneous complex using g r a v i t y and 
aeromagnetic anomaly maps and smoothed aeromagnetic anomaly maps 
V h i n h onlv indicate the e f f e c t due to deep seated magnetized bodies. 
mgal 
70 




/ 4 0 
3 0 
2 0 2 - 6 0 Granite 
/ (SW)A' / k m A W E ) 0 7 nrtnnnuxxz* 2 6 1 v V x A X 2 6 8 
* Gabbro etc 





0 10 2 0 3 0 4 0 km 
F i g u r e 5.6 I n t e r p r e t a t i o n of the s u b - s u r f a c e s t r u c t u r e of the Skye 
igneous complex along A A f ( F i g u r e 5-5), fcorn Bott and Tuson (1973). 
D e n s i t y c o n t r a s t i n g/cnr\ 
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According to them, the Skye igneous complex i s underlain by two bodies 
having opposite magnetic p o l a r i t i e s . These two bodies are 
s u f f i c i e n t l y close to produce a single gravity anomaly. Since the 
po s i t i v e anomaly over the Red H i l l s centres appear prominently on the 
f i l t e r e d aeromagnetic map, Brown and Mussett (1976) argued that i t can-
not be due to the shallower Red H i l l s granites and must be due to a 
deep seated body. The negative anomaly over the C u i l l i n centre does 
not appear as prominently on the smoothed map as the p o s i t i v e anomaly 
and therefore they concluded that i t i s caused by the outcropping basic 
and u l t r a b a s i c rocks of the C u i l l i n centre. Brown and Mussett (1976) 
further showed that two deep v e r t i c a l gabbroic cylinders i n contact 
with each other, having opposite p o l a r i t i e s produce gravity and 
magnetic anomalies of s i m i l a r nature to those observed. 
5.4 Interpretation of Magnetic Anomalies Over the Skye Igneous Complex 
The aeromagnetic anomaly map over the Skye igneous complex 
(Figure 5.1) was d i g i t i z e d at 1 km i n t e r v a l s and was transformed into 
c 
pseudogravimetric anomalies using the method described in chapter 2. 
In t h i s transformation i t was assumed that rocks i n the Skye igneous 
complex are magnetized e i t h e r along the d i r e c t i o n of the present day 
earth's f i e l d or along the opposite d i r e c t i o n . Remanent magnetization 
of rocks i n the Mull complex i s i n a d i r e c t i o n f a i r l y close to the > 
d i r e c t i o n of the present day earth's f i e l d or i n a d i r e c t i o n f a i r l y 
close to the opposite d i r e c t i o n to the present day earth's f i e l d ( s e c t i o n 
4.4). Therefore i t i s reasonable to assume that the Skye igneous rocks, 
which were emplaced i n the same period as the Mull igneous rocks, have 
s i m i l a r d i rections of remanent magnetization. I n addition, paleomagnetic 
studies on Skye lavas by Khan (1960) have shown that the average 
d i r e c t i o n of remanent magnetization of the lavas (declination = 186.1°, 
i n c l i n a t i o n = -59.7°) i S i n a d i r e c t i o n close to the opposite d i r e c t i o n 
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to the present day earth's f i e l d . 
Figure 5.7 shows the r e s u l t i n g pseudogravimetric anomaly map when 
the magnetic anomaly map shown i n Figure 5.1 was transformed. The 
peseudogravimetric anomaly has been superimposed on a geological 
sketch of Skye (Figure 5.8). This anomaly map c o n s i s t s of pseudo-
gravimetric lows over the C u i l l i n centre and over the b a s a l t i c lavas 
and a pseudogravimetric high over the Western and Eastern Red H i l l s 
granites. The negative pseudogravimetric anomaly i s most intense over 
on 
the eucrite rocks of the C u i l l i n centre and i t reaches Aequally low 
value over the submerged lavas situated beyond the western coast of 
Skye (Figure 5 . 3 ) . The p o s i t i v e part of the pseudogravimetric 
anomaly has i t s maximum value over the north-eastern part of the 
Western Red H i l l s centre. The p o s i t i v e pseudogravimetric anomaly 
over the Red H i l l s i s elongated towards the east coast of northern 
Skye. This may be due to the presence of normally magnetized lavas 
and normally magnetized i n t r u s i v e bodies such as dykes and s i l l s i n 
t h i s area. The pseudogravimetric anomaly over the lavas changes from 
p o s i t i v e to negative when going from t h i s area to the western coast 
of northern Skye. This suggests that there i s a v a r i a t i o n i n the 
d i r e c t i o n of magnetization of the lavas from normal to reverse from 
the east coast to the west coast of northern Skye. However, measurement 
of the remanent d i r e c t i o n of magnetization of the lavas i n these areas 
i s required to confirm t h i s idea. As can be seen from Figure 5.7 
there i s a negative regional gradient i n the pseudogravimetric anomaly 
along a S.W. - N.E. d i r e c t i o n . Due to the fact that the pseudogravimetric 
anomaly co n s i s t s of p o s i t i v e and negative parts and also due to the above 
mentioned regional gradient, comparison of the pseudogravimetric anomaly 
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anomaly along a S.W. - N.E. d i r e c t i o n ( p r o f i l e PP f, Figure 5 #8) passing 
through the C u i l l i n centre and the Western Red H i l l s centre i s shown 
i n Figure 5.9. This p r o f i l e c o n s i s t s of a r e l a t i v e l y narrow and -
intense negative anomaly superimposed on a broad p o s i t i v e anomaly. 
This negative anomaly which occurs over the C u i l l i n centre has steep 
gradients indicating that i t i s due to a shallow body. The p o s i t i v e 
anomaly over the Western Red H i l l s has gentle gradients and therefore 
i t may be caused by a deep seated body. When going north-eastwards 
from the steep negative anomaly over the C u i l l i n s , the gradient of 
the p o s i t i v e part of the anomaly becomes shallower over part of the 
Western Red H i l l s (section AB of the anomaly) and then the anomaly 
increases to i t s maximum with steep gradients. This portion of the 
pos i t i v e anomaly having steep gradients indicates the p a r t l y shallower 
nature of the causative body. 
A three-dimensional interpretation of the pseudogravimetric 
p r o f i l e of Figure 5.9 was performed using the end correction method 
(Nettleton, 1940). This interpretation was done by using the Fortran 
routine GREND (see chapter 3) which performs gravity interpretation 
using the t r i a l and error method. Application of the end correction 
method requires the t r i a l model to be divided into a s e r i e s of polygonal 
prisms (see 3.2) and Figure 5.10 shows the way i n which t h i s d i v i s i o n 
was performed. The r e s u l t of t h i s i n terpretation i s shown i n 
Figure 5.11. The model obtained for the subsurface structure of the 
Skye complex co n s i s t s of three d i f f e r e n t bodies which are l a b e l l e d as 
A, B and C i n Figure 5.11. The body A can be i d e n t i f i e d with the 
CuillinvbsasjLS and u l t r a b a s i c rocks. This body, which takes a shape 
close to a truncated cylinder, has widths of 7.5 km and 8.0 km along 
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r e s p e c t i v e l y . The bottom surface of the body i n c l i n e s downwards 
towards the S.W. and the depth to which i t extends ranges from 1.5 km 
to 3.0 km. The body A i s reversely magnetized and has a magnetization 
of 4.9 A/m. The body B, which i s situated below the body A, extends 
to a depth of 14 km and i t i s normally magnetized with a magnetization 
of 1.1 A/m. This body which approximately takes the shape of a truncated 
cone has a diameter of 20 km along the d i r e c t i o n of the p r o f i l e and 
along the perpendicular d i r e c t i o n at the top surface. The dimensions 
at the base of the body are 27.0 km and 22.0 km r e s p e c t i v e l y . The 
narrower part of the body which comes c l o s e s t to the surface i s 
responsible for the section of the p o s i t i v e anomaly having steep 
gradients. The t h i r d body C can be i d e n t i f i e d with the lavas s i t u a t e d 
i n the S.W. part of Skye. Since these lavas extend through a large 
distance along the d i r e c t i o n perpendicular to the p r o f i l e (Figure 5.4) 
they were interpreted i n terms of a two-dimensional body. These 
lavas are reversely magnetized and have a magnetization of 13.3 A/m. 
The lava p i l e which takes the shape of a wedge has a maximum thickness 
of 0.3 km at the place where i t i s i n contact with the C u i l l i n rocks. 
To explain part of the anomaly having shallower gradients between the 
negative anomaly over the C u i l l i n s and the p o s i t i v e peak i t was 
necessary to have the region G i n the model (Figure 5.11) with non 
magnetic rocks. The region G corresponds to the Red H i l l s g r a n i t i c 
racks i n Skye. Microscopic studies of the Red H i l l s granites have 
revealed that the exposed granites do not contain a s i g n i f i c a n t 
amount of magnetite (Emeleus, p r i v a t e communications). The assumption 
©fat a non-magnetic region G i n the model i s therefore v a l i d . 
I t i s necessary to mention that the model obtained from t h i s 
i n t e r p r e t a t i o n i s only one of s e v e r a l possible models that can s a t i s f y 
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the observations and are geologically r e a l i s t i c (see 3.4). Whatever 
the model, i t should mainly cons i s t of two bodies having opposite 
magnetic p o l a r i t i e s . The negatively magnetized body must be a 
shallower one and the p o s i t i v e l y magnetized body must be of greater 
depth extent. A weakly magnetized region corresponding to the 
granites i s also required. 
5.5 Discussion 
I t i s c l e a r from the interpretation discussed i n the l a s t section 
that the Skye igneous complex consists of a rever#sely magnetized 
shallower body which can be i d e n t i f i e d with the basic and u l t r a b a s i c 
rocks of the C u i l l i n centre and a normally magnetized body below i t . 
This normally magnetized body i n the model extends to a depth of 14 km 
and i t has a r e l a t i v e l y low magnetization compared to the reversely 
magnetized body. The interpretation confirms the r e s u l t s of the 
gravity interpretation of Bott and Tuson (1973) which showed the 
existence of a large basic body below the Skye igneous complex. 
A detailed comparison between the pseudogravimetric interpretation 
and the gravity interpretation of Bott and Tuson (1973) i s not possible 
as the two interpretations have considered p r o f i l e s along d i f f e r e n t 
d i r e c t i o n s . I t i s however c l e a r from the two interpretations that 
the bodies causing the magnetic and gravity anomalies have approximately 
equal magnitudes. The pseudogravimetric interpretation also agrees 
with the q u a l i t a t i v e interpretation of the Skye magnetic anomalies 
presented by Brown and Mussett (1976). The C u i l l i n basic and u l t r a b a s i c 
rocks were emplaced about 60 m.y. ago i n a period of reverse p o l a r i t y 
of the earth's magnetic f i e l d . The body below the C u i l l i n rocks 
(body B, Figure 5.11) may also have been emplaced together with the 
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C U i l l i n rocks and i t s normal magnetization can be explained as follows. 
Since the C u i l l i n rocks were shallower they could cool quicker 
and could complete the cooling process within the reverse period 
catching the reverse p o l a r i t y of magnetization. The body below i t 
extends to a greater depth and therefore should take a r e l a t i v e l y 
longer time to complete the cooling. This cooling process may have 
continued into the next normal period and may have been completed 
during that period, giving the body a normal magnetization. 
Most recent studies on the or i g i n of Skye granites suggest that 
they were emplaced as a r e s u l t of both b a s a l t i c fractionation and 
melting of the continental crust (Dickin, 1981). When a massive 
body such as that suggested by gravity and magnetic interpretations 
i s emplaced as magma, acid material could be produced by fractionation. 
At the same time melting of the continental crust may occur due to the 
large amount of heat present i n the body. The above implication of 
the r e s u l t s of gravity and magnetic interpretations i s therefore i n 
agreement with the ideas put forward by Dickin (1981). 
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CHAPTER 6 
INTERPRETATION OF MAGNETIC ANOMALIES OVER THE BLACKS TONES BANK IGNEOUS 
COMPLEX 
6.1 Introduction 
Bul l e r w e l l (1963) recogniaJed the s i m i l a r i t y between aeromagnetic 
anomalies over the Blackstones Bank situated about 50 km S.W. of Mull 
and over the other T e r t i a r y igneous centres such as Mull, Skye and Rhum. 
This s i m i l a r i t y led him to propose the existence of a T e r t i a r y igneous 
centre r e l a t e d to the I s l a y and Jura dyke swarms at the Blackstones 
Bank. Geophysical and geological investigations have been c a r r i e d 
out by several workers on the Blackstones Bank and t h e i r r e s u l t s have 
generally confirmed B u l l e r w e l l f s suggestion. 
This chapter presents an interpretation of aeromagnetic anomalies 
over the Blackstones Bank igneous centre. A map of aeromagnetic 
anomalies over the Blackstones Bank centre i s shown i n Figure 6.1. 
The almost c i r c u l a r nature of the anomaly i s distorted by i t s elongation 
along the N.W. S.E. a x i s . The magnetic anomaly over the Blackstones 
Bank i s dominantly negative with a r e l a t i v e l y narrow p o s i t i v e anomaly 
superimposed. This indicates the presence of a reversely magnetized 
body possibly with a normally magnetized core. The complicated 
nature of the magnetic anomalies over the Blackstones Bank does not 
allow an interpretation using normal magnetic interpretation methods. 
The magnetic anomalies were transformed into the l e s s complicated 
pseudogravimetric anomalies (chapter 2 ) . The r e s u l t i n g pseudogravimetric 
anomaly was then interpreted i n terms of a three dimensional body using 
the end correction method (Nettleton, 1940). The r e s u l t s of t h i s 
i n terpretation are discussed and compared with the r e s u l t s of a gravity 
interpretation of the Blackstones Bank. A b r i e f account of previous 
geophysical and geological studies performed on the Blackstones Bank 
F i g u r e 6.1 Aeromagnetic anomaly map over the B l a c k s t o n e s 
Bank. Contours i n gamma* Coo rd i na tes stoo«>yi turt national g n ^ . 
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Igneous centre i s f i r s t presented, 
6.2 Geology of the Blackstones Bank Igneous Centre 
Figure 6.2 shows the bathymetry map of the Blackstones Bank and 
as can be seen the peaks of t h i s igneous centre a t t a i n a minimum water 
depth of 20m. Geological knowledge of the Blackstones Bank i s largely 
confined to r e s u l t s of petrographic studies of many rock samples 
obtained from the sea bed. Eden et al.(1973) sampled gabbroic rocks 
from the Blackstones Bank by d r i l l i n g . Durant et al.(1976) collected 
about 100 dive samples from the Blackstones Bank and presented a more 
detailed analysis of rock types found i n t h i s centre. Most of these 
samples were gabbroic and although they were petrographically s i m i l a r 
to layered rocks formed elsewhere, the authors observed layering only 
during a l a t e r underwater survey. Other rock types i d e n t i f i e d from 
the c o l l e c t e d samples were d o l e r i t e and metamorphosed sediments. 
Dolerite samples were co l l e c t e d from dykes and i n c l i n e d sheets which 
were intruded into the gabbroic rocks. The presence of these minor 
intrusions i n the southern part of the Blackstones Bank led Durant et 
al.(1976) to suggest the possible existence of a l o c a l i z e d centre of 
a c t i v i t y i n t h i s area. Mitchell et al.(1976) dredged some b a s a l t i c 
rocks from the Blackstones Bank and presented a petrological study of 
these rocks. The Blackstones Bank igneous centre i s situated i n a 
Mesozoic basin i n contrast to most of the other igneous centres which 
are situated on ridges between basins. This may be a possible 
explanation for the submarine character of t h i s centre. 
Some uncertainty e x i s t s as regards to age of the Blackstones 
Bank. I t s proximity to the T e r t i a r y centres suggests that i t also 
has a T e r t i a r y age. Samples c o l l e c t e d by dives from d o l e r i t e dykes 
intruded into the gabbro yielded a radiometric age of 70 m.y. 
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(Durant et a l . 1976). This suggests that the main body of the Blackstones 
Bank was intruded prior to t h i s date and i s therefore of upper 
Cretaceous age. Michell et al.(1976) dredged basalts from the 
Blackstones area which were subsequently dated at 57 m.y. Therefore, 
u n t i l further and more accurate sampling and dating i s c a r r i e d out, 
the age of the Blackstones Bank centre w i l l be i n doubt. 
6.3 Geophysical Studies of the Blackstones Bank Igneous Centre 
Gravity surveys over the Blackstones Bank were carried out by 
Roberts (1970) and McQuillin et a l . (1975). The Bouguer anomaly map 
prepared by McQuillin et a l . (1975) i s shown i n Figure 6.3. The near 
c i r c u l a r Bouguer anomaly over the Blsckstones Bank reaches a maximum of 
140 mgal. This value i s almost twice the maximum gravity anomaly 
observed i n Mull and Skye (see Chapters 4 and 5 ) . McQuillin et a l . 
(1975) interpreted the p r o f i l e s I , I I and I I I of Figure 6.3 i n terms 
3 
of v e r t i c a l cylinders having a density contrast of 0.35 g/cm (Figure 6.4). 
The c y l i n d r i c a l models have r a d i i i n the range 7-8 km, depth to the base 
i n the range 22-30 km and depth to the top i n the range 0-2 km. In the 
interpretation of the p r o f i l e I I I the ef f e c t due to the Mesozoic rocks 
i n the south-eastern part of the Blackstones Bank was included, 
McQuillin et a l . (1975) also interpreted the p r o f i l e I i n terms of 
3 
truncated cones having a density contrast of 0.35 g/cm (Figure 6.5). 
McQuillin and Bacon (1974) c a r r i e d out a deep seismic investigation 
i n sea areas around Scotland. During t h i s investigation they surveyed 
a r e f l e c t i o n l i n e over the Blackstones Bank ( l i n e cd, Figure 6.3). 
McQuillin et a l . (1975) presented a processed seismic section of t h i s 
l i n e which shows the pluton and overlying sedimentary layers (Figure 6.6). 
They described the layers 1, 2 and 3 of Figure 6.6. as Quaternary, 
T e r t i a r y and Mesozoic sediments respectively. As can be seen from the 
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seismic section given i n Figure 6,6 there i s a f a u l t running across 
the Blackstones pluton and i t may postdate the main phase of the 
in t r u s i o n and probably deposition of T e r t i a r y sediments (McQuillin et 
a l . 1975). 
McQuillin et al.(1975) also discussed the r e s u l t s of a seismic 
r e f r a c t i o n survey c a r r i e d out over the Blackstones Bank along the 
l i n e ab of Figure 6.3. The high v e l o c i t y material (7.2 km/s), 
3 
corresponding to a density of 3.09 g/cm was found to l i e 
approximately 0.9 km below the sea l e v e l . This i s overlain by low 
velo c i t y material (2.02 km/s). The high v e l o c i t y material can be 
i d e n t i f i e d with the u l t r a b a s i c pluton while the low v e l o c i t y material 
can be i d e n t i f i e d with the sedimentary rocks discussed above. 
6.4 Interpretation of Magnetic Anomalies over the Blackstones Bank 
A pseudogravimetric transformation was performed on the aeromagnetic 
anomaly map over the Blackstones Bank af t e r d i g i t i z i n g at i n t e r v a l s of 
1 km. I n t h i s transformation i t was assumed that the mean di r e c t i o n 
of magnetization of rocks i n the Blackstones Bank igneous centre i s 
p a r a l l e l to the present day earth's f i e l d , e ither i n the same di r e c t i o n , 
or reversed, as i s the d i r e c t i o n of magnetization of rocks of the Mull 
c e n t r a l i n t r u s i v e complex (see 4.4). This assumption i s made as both 
complexes may have been emplaced during the same period. 
When a pseudograviraetric transformation i s performed on a magnetic 
anomaly map, i t i s usually arranged that the region of the anomaly 
under consideration l i e s i n the middle part of map (see 2.7.2). This 
i s because at the edges of the map the anomaly becomes sharply 
discontinuous and t h i s can give r i s e to spurious edge e f f e c t s . I n 
the present work the aeromagnetic anomaly maps prepared by the 
I n s t i t u t e of Geological Sciences of Great B r i t a i n were used. This 
84 
aeromagnetic survey was not c a r r i e d out f a r to the west of the 
Blackstones Bank. Therefore i n the available aeromagnetic map, 
the anomalies over the Blackstones Bank appear close to the west 
boundary. How much t h i s w i l l e f f e c t the r e s u l t i n g pseudogravimetric 
anomaly was examined by transforming magnetic anomalies due to a 
known sphere shown i n Figure 6.7 and Figure 6.8. I n Figure 6.7 the 
prominent features of the magnetic anomaly are i n the middle part of 
the map while i n Figure 6.8 these features are close to one of the 
edges. The pseudogravimetric anomalies of Figure 6.7 and Figure 6.8 
are shown i n Figure 6.9 and Figure 6.10. Two cross-sections of these 
pseudogravimetric anomalies are shown i n Figure 6.11, As can be seen from 
these figures there i s no serious difference between the two anomalies. 
The available aeromagnetic anomaly map of the Blackstones Bank i s 
therefore assumed to be s u i t a b l e for a pseudogravimetric transformation. 
The pseudogravimetric anomaly map of the Blackstones Bank i s 
shown i n Figure 6.12. This i s a negative anomaly having a p o s i t i v e 
anomaly superimposed on i t . This indicates the presence of a large 
reversely magnetized body possibly with a normally magnetized core. 
Figures 6.13 and 6.14 show two perpendicular cross-sections of the 
pseudogravimetric anomaly along AA1 and BB1 and i l l u s t r a t e t h i s 
further. As can be seen from Figure 6.13 and Figure 6.14 the gradients 
of the negative part of the pseudogravimetric anomaly decrease gently 
indicating that the negatively magnetized body extends to a large depth. 
The p o s i t i v e pseudogravimetric anomaly i s superimposed on the c e n t r a l 
part of the negative anomaly. I f the p o s i t i v e part of the anomaly 
i s separated from extrapolated negative anomaly, i t s amplitude and 
gradients are accentuated. The body which causes the p o s i t i v e anomaly 
therefore must be of shallow o r i g i n . The corresponding magnetic 
0 I i I I 1 1 
0 1 0 20 30 40 50 60 
F i g u r e 6.7 Magnetic anomaly due to a sphere having a r a d i u s of 5 i*m 
and magnetization of l o A/m. Centre of the sphere i s a t xss3I*5 km, 
y»31.5 km and z=lo k a ( v e r t i c a l l y downwards). I n c l i n a t i o n and d e c l i n a t i o n 
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F i g u r e 6.8 Magnetic anomaly due to a sphere having a r a d i u s of 5 km and 
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F i g u r e 6.9 Pseudogravimetric anomaly map of the magnetic anomaly 
shown i n F i g u r e 6«7» Contours i n mgal. 
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F i g u r e 6.12 Pseudogravimetric anomaly map of the B l a c k s t o n e s Bank, 
showing contours a t 5o mgal i n t e r v a l s . On this subsequent -related 
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anomaly of the p o s i t i v e pseudogravimetric anomaly (Figure 6.1) has 
an i r r e g u l a r shape indicating that i t i s caused by a body having a 
variable magnetization. 
In Figure 6.15 the pseudogravimetric anomaly and the actual 
gravity anomaly are shown on the same s c a l e . As can be seen from 
t h i s figure, both the gravity and pseudograviraetric anomalies extend 
over approximately equal areas. The gravity and pseudogravimetric 
p r o f i l e s along two perpendicular directions are shown i n Figure 6.16 
and Figure 6.17. Since the gravity anomaly i s p o s i t i v e and the 
pseudogravimetric anomaly i s dominantly negative, i n Figure 6.16 and 
Figure 6.17 the pseudogravimetric p r o f i l e s are drawn after r e f l e c t i n g 
about the X-axis and sca l i n g by a factor of 0.25. The regional l e v e l 
of the pseudogravimetric p r o f i l e s was adjusted i n such a way that i t 
approximately coincides with the regional l e v e l of the gravity p r o f i l e s . 
But for the e f f e c t of the normally magnetized rocks, both gravity and 
pseudogravimetric anomalies have approximately equal shapes and 
wavelengths. This s i m i l a r i t y between the two anomalies may indicate 
the f a c t that the same rock units are producing both the gravity and 
magnetic anomalies. 
A three-dimensional interpretation of the pseudogravimetric 
p r o f i l e AA1 of Figure 6.12 was performed using the end correction 
method (see chapter 3 ) . This interpretation was f i r s t performed 
by using the Fortran routine GREND which uses the t r i a l and error 
method. Then the r e s u l t s were improved further using the Fortran 
routine OPGREND which performs the gravity interpretation using a 
non-linear optimization technique (see chapter 3 ) . The i n i t i a l 
model used for the interpretation consisted of two bodies one inside 
100 ™ 
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F i g u r e 6.16 G r a v i t y and pseudogravimetric anomaly p r o f i l e s over 
the B l a c k s t o n e s Bank(Figure 6.15) along AA1. The pse u d o g r a v i m e t r i c 
p r o f i l e was drawn a f t e r r e f l e c t i n g about the x - a x i s and s c a l i n g 
by a f a c t o r of 0.25. The r e g i o n a l l e v e l of the pseu d o g r a v i m e t r i c 
p r o f i l e was a d j u s t e d i n such a way i t approximately c o i n c i d e s w i t h 




i » » ' • J 
0 5 10 15 20 25 30 
DISTANCE (KM) 
F i g u r e 6.1? G r a v i t y and pseudogravimetric anomaly p r o f i l e s over 
the B l a c k s t o n e s Bank(Figure 6»15) along BB1. The pseudogravimetric 
p r o f i l e was drawn a f t e r r e f l e c t i n g about the x - a x i s and s c a l i n g 
by a f a c t o r of o #25» The r e g i o n a l l e v e l of the pseudogravimetric 
p r o f i l e was a d j u s t e d i n such a way i t approximately c o i n c i d e s w i t h 
t h a t of the g r a v i t y p r o f i l e * 
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the o t h e r . I t was mentioned i n 3.2 t h a t t o apply the end c o r r e c t i o n 
method i t i s necessary t o d i v i d e the body i n t o a number o f elements. 
Figure 6.18 shows how t h i s d i v i s i o n was performed. I n Figure 6.18 
t h i c k e r l i n e s d i v i d e the body ABCDEF w h i l e the l i g h t e r l i n e s d i v i d e 
the body PQRS. The t o t a l pseudogravimetric anomaly due t o the model 
was c a l c u l a t e d as f o l l o w s . F i r s t the pseudogravimetric anomaly due 
to the r e v e r s e l y magnetized body ABCDE was c a l c u l a t e d w i t h o u t c o n s i d e r i n g 
the normally magnetized i n n e r p a r t PQRS. Then the pseudogravimetric 
anomaly due t o the normally magnetized p a r t was separ a t e l y c a l c u l a t e d 
and added t o the above r e s u l t . I f P, and are the d e n s i t y c o n t r a s t s 
1 2 J 
used i n c a l c u l a t i n g the anomalies due t o ABCDE and PQRS r e s p e c t i v e l y , 
then the a c t u a l d e n s i t y c o n t r a s t of PQRS i s P + P . 
The r e s u l t s of t h i s i n t e r p r e t a t i o n are presented i n Figure 6.19. 
The n e g a t i v e l y magnetized body i n the model takes the approximate shape 
of a t r u n c a t e d cone having widths o f 9.4 k m . p a r a l l e l t o the p r o f i l e and 
15.0 km i n the perpendicular d i r e c t i o n at the top surface. The 
corresponding dimensions at the base are 13.3 km and 18.0 km r e s p e c t i v e l y . 
This body extends t o a depth o f 15 km and has a magnetization o f 0.93 
A/m. The normally magnetized middle p a r t also takes the approximate 
shape of a tr u n c a t e d cone, has a magnetization o f 2,47 A/m. The 
widths of the body at the top surface along the d i r e c t i o n o f the p r o f i l e 
and along the perpendicular d i r e c t i o n are 1.7 km and 6.0 km r e s p e c t i v e l y . 
At i t s base these dimensions are 7.5 km and 6.3 km r e s p e c t i v e l y . The 
body extends t o a depth o f 1.0 km. This body cannot be shallower than 
1 km as the f i t s obtained f o r such cases were not good. Another 
model f o r the Blackstones Bank igneous centre was obtained by using 
zero magnetization f o r the i n n e r body. I n t h i s model, the assumed 
non-magnetic i n n e r body extends t o a depth o f 5.0 km and the r e v e r s e l y 
DISTANCE(km) 





F i g u r e 6#18 S u b d i v i s i o n of the model of F i g u r e 6*19 for a p p l i c a t i o n 
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F i g u r e 6.19 I n t e r p r e t a t i o n of the pseudogravimetric p r o f i l e 
AA1 o f F i g u r e 6.12. 
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magnetized o u t e r body extends t o a depth o f 15 km as i n the previous 
model. The depth t o which the normally magnetized body extends would 
t h e r e f o r e be i n the range 1.0 - 5.0 km. 
I t i s u s e f u l t o compare the r e s u l t s of t h i s i n t e r p r e t a t i o n w i t h 
r e s u l t s o f a g r a v i t y i n t e r p r e t a t i o n o f the Blackstones Bank igneous 
c e n t r e . M c Q u i l l i n e t a l (1975) presented a g r a v i t y i n t e r p r e t a t i o n 
o f the Blackstones Bank i n terms o f v e r t i c a l c y l i n d e r s and tr u n c a t e d 
cones which are symmetrical about t h e i r axes. As can be seen from 
Figure 6.3 the g r a v i t y anomaly over the Blackstones Bank i s not 
symmetrical. I n a d d i t i o n , none o f the p r o f i l e s i n t e r p r e t e d by 
M c Q u i l l i n e t a l (1975) l i e s along the same l i n e as the pseudogravimetric 
p r o f i l e s used f o r the present i n t e r p r e t a t i o n . Therefore i t was decided 
t o i n t e r p r e t a g r a v i t y p r o f i l e along AAf o f Figure 6.15, which l i e s 
on the same l i n e as the pseudograviraetric p r o f i l e used f o r the 
i n t e r p r e t a t i o n , i n terms of a three-dimensional body. This i n t e r p r e t a t i o n 
was also performed by use of the F o r t r a n r o u t i n e s GREND and OPGREND and 
the r e s u l t s are shown i n Figure 6.20. The body which produces the 
p o s i t i v e anomaly i s modelled i n terms o f a t r u n c a t e d cone which extends 
3 
to a depth o f 20 km having a d e n s i t y c o n t r a s t o f 0.33 g/cm . The 
widths o f the body p a r a l l e l and per p e n d i c u l a r t o the p r o f i l e are 11.5 km 
and 15 km r e s p e c t i v e l y a t the top surface and 19.0 km and 20.0 km 
r e s p e c t i v e l y a t the base. The e f f e c t due t o the Mesozoic rocks t o 
the S.E. o f the Blackstones Bank was also i n c l u d e d i n t h i s i n t e r p r e t a t i o n . 
These Mesozoic rocks extend over a l a r g e area and t h e r e f o r e they were 
i n t e r p r e t e d i n terms o f a two-dimensional body. The d e n s i t y c o n t r a s t 
3 
used f o r the Mesozoic rocks was -0.3 g/cm ( M c Q u i l l i n e t a l 1975). 
Results o f the g r a v i t y and pseudogravimetric i n t e r p r e t a t i o n s are 

















F i g u r e 6.2o I n t e r p r e t a t i o n of the g r a v i t y p r o f i l e AA1 of F i g u r e 6.15. 
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F i g u r e 6.21 Comparison of r e s u l t s of the g r a v i t y and pseudogavimetric 
i n t e r p r e t a t i o n s of the B l a c k s t o n e s Bank. 
normally magnetized body, 
r e v e r s e l y magnetized body, 
— body ob t a i n e d from the g r a v i t y i n t e r p r e t a t i o n . 
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g r a v i t y anomaly extends t o a l a r g e r depth than the body which produces 
the magnetic anomaly. The l a t e r a l e x t e n t o f these two bodies are 
approximately equal. 
6.5 Discussion 
The u l t r a b a s i c p l u t o n forming the Blackstones Bank subsurface 
s t r u c t u r e was modelled i n terms of a body which extends t o a depth o f 
3 
20 km and having a d e n s i t y c o n t r a s t o f 0.33 g/cm . Assuming a d e n s i t y 
3 
o f 2.8 g/cm f o r the surrounding Lewisian rocks, the d e n s i t y of the 
3 
model body becomes 3.13 g/cm . This d e n s i t y i s c o n s i s t e n t w i t h the 
observed seismic v e l o c i t y o f 7.2 km/s o f the p l u t o n ( M c Q u i l l i n e t a l , 
1975) and i t i s f a i r l y close t o the d e n s i t y o f u l t r a b a s i c rocks o f 
Rhum ( B o t t and Tuson, 1973). Only the f i r s t 15 km of the body 
c o n t r i b u t e s t o the observed magnetic anomaly and i t i s r e v e r s e l y 
magnetized. This r e v e r s e l y magnetized upper p a r t has a normally 
magnetized core. The depth t o which the normally magnetized core 
extends i s i n the range 1.0 - 5.0 km. The presence of bodies w i t h 
opposite magnetic p o l a r i t i e s i n the Blackstones Bank igneous centre 
i n d i c a t e s t h a t i t was a c t i v e at l e a s t f o r two successive reverse and 
normal p o l a r i t y periods o f the ea r t h ' s magnetic f i e l d . Both the 
g r a v i t y and the pseudogravimetric anomalies o f the Blackstones Bank 
are elongated along N.W. - S.E. a x i s . This might probably i n d i c a t e 
the presence o f more than one l o c a l i z e d centre i n the Blackstones Bank 
s i m i l a r t o o t h e r igneous complexes i n the H e b r i d i a n province. 
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CHAPTER 7 
SUMMARY AND CONCLUSIONS 
7.1 Development o f Methods 
A method o f tr a n s f o r m i n g magnetic anomalies i n t o pseudogravimetric 
anomalies has been developed. This method f i r s t c a l c u l a t e s the 
pseudogravimetric p o t e n t i a l by i n t e g r a t i n g the magnetic anomaly along 
the d i r e c t i o n o f the earth's t o t a l f i e l d and along the d i r e c t i o n of 
magnetization. Then i t c a l c u l a t e s the pseudogravimetric anomaly by 
t a k i n g the v e r t i c a l d e r i v a t i v e o f the pseudogravimetric p o t e n t i a l . 
Using the f a c t t h a t the magnetic anomaly must s a t i s f y Laplace's equation, 
i t can be shown t h a t these operations o f d i f f e r e n t i a t i o n and i n t e g r a t i o n 
are e q u i v a l e n t t o f i n d i n g the inverse F o u r i e r t r a n s f o r m o f the product 
of the F o u r i e r transform o f the magnetic anomaly and an app r o p r i a t e k e r n a l 
(Chapter 2 ) . This i s i l l u s t r a t e d i n Figure 7.1. The tr a n s f o r m a t i o n s 
between the s p a t i a l and frequency domains were performed using a f a s t 
F o u r i e r t r a n s f o r m a l g o r i t h m . 
The pseudogravimetric t r a n s f o r m a t i o n i s u s e f u l i n i n t e r p r e t i n g 
complicated magnetic anomalies as i t removes c h a r a c t e r i s t i c s h o r t 
wavelength f e a t u r e s present i n a magnetic anomaly and i t makes the 
anomaly symmetrical w i t h respect t o the causative body. I t also 
allows the i n t e r p r e t a t i o n t o be c a r r i e d out using g r a v i t y methods 
which are more s t r a i g h t f o r w a r d t o apply compared t o magnetic methods. 
An automatic end c o r r e c t i o n method was developed t o i n t e r p r e t 
g r a v i t y and pseudogravimetric anomalies i n t h r e e dimensions. The end 
c o r r e c t i o n method has the advantage o f approximately c a l c u l a t i n g the 
g r a v i t y or magnetic anomaly due t o a thr e e dimensional body at small 
expense i n computing time compared t o the d e t a i l e d t h r e e dimensional 
c a l c u l a t i o n s . Methods o f i n t e r p r e t i n g magnetic anomalies i n two 
dimensions using n o n - l i n e a r o p t i m i z a t i o n techniques were developed. 
M.A. F o u r i e r transform FT.of M.A 
I n t e g r a t i o n and 
d i f f e r e n t i a t i o n 
I n v e r s e F o u r i e r trans., 
M u l t i p l i c a t i o n by 
an a p p r o p r i a t e k e r n a l 
FT. of Pg.A. 
F i g u r e 7*1 The e q u i v a l e n c e of d i r e c t and F o u r i e r t r a n s f o r m procedures 
f o r determining the pseudogravimetric anomaly. 
M.A. Magnetic anomaly, 
F.T. F o u r i e r t r ansform, 
Pg.A.Pseudogravimetric anomaly. 
90 
The end c o r r e c t i o n f a c t o r f o r magnetic i n t e r p r e t a t i o n was also d e r i v e d . 
7.2 A p p l i c a t i o n s t o T e r t i a r y Igneous Centres 
Aeromagnetic anomalies over the M u l l , Skye and the Blackstones 
Bank igneous centres were transformed i n t o pseudogravimetric anomalies. 
The pseudogravimetric anomalies were compared w i t h the a c t u a l g r a v i t y 
anomalies of the three igneous centres and i n t e r p r e t e d i n terms o f t h r e e 
dimensional bodies using the end c o r r e c t i o n method. The r e s u l t s of the 
i n t e r p r e t a t i o n s were discussed and compared w i t h previous geophysical 
and g e o l o g i c a l s t u d i e s o f the igneous centres. Owing t o the ambiguity 
in h e r e n t i n the g r a v i t y and magnetic i n t e r p r e t a t i o n , the models obtained 
are not unique. There can be other models which e q u a l l y s a t i s f y the 
observations as w e l l as being g e o l o g i c a l l y r e a l i s t i c . However, the main 
f e a t u r e s of models obtained by the present i n t e r p r e t a t i o n should be 
common t o a l l the p o s s i b l e models. 
The aeromagnetic anomaly map of the M u l l igneous complex c o n s i s t s 
of t h r e e main f e a t u r e s . These are the l a r g e , dominantly p o s i t i v e anomaly 
over the M u l l c e n t r a l i n t r u s i v e complex, negative anomalies over the 
b a s a l t i c lavas and a r i n g o f narrow p o s i t i v e and negative anomalies 
o u t s i d e the c e n t r a l i n t r u s i v e complex. The prominent f e a t u r e o f the 
pseudogravimetric anomaly i s the l a r g e p o s i t i v e anomaly over the c e n t r a l 
i n t r u s i v e complex. This anomaly has steep g r a d i e n t s i n d i c a t i n g shallow 
o r i g i n of the causative body. The e x t e n t of the c e n t r a l p o s i t i v e 
pseudogravimetric anomaly i s small compared t o the e x t e n t o f the a c t u a l 
g r a v i t y anomaly. The pseudogravimetric anomaly was i n t e r p r e t e d i n terms 
of a body having an approximated shape o f a t r u n c a t e d cone which extends 
t o a depth o f 2.1 km, having a magnetization of 6.7A/m. The g r a v i t y 
model of the M u l l igneous complex ( B o t t , p r i v a t e communications) extends 
t o a depth o f 14km and i t s h o r i z o n t a l dimensions are l a r g e r than t h a t 
of the model obtained by the pseudogravimetric i n t e r p r e t a t i o n . The 
subsurface s t r u c t u r e o f the M u l l igneous complex t h e r e f o r e must c o n s i s t s 
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o f a h i g h l y magnetized core surrounded by more weakly magnetized rocks. 
The negative anomalies o u t s i d e the c e n t r a l i n t r u s i v e complex are 
caused by the b a s a l t i c lavas and the r i n g of p o s i t i v e and negative anomalies 
o u t s i d e the complex »s i n t e r p r e t e d i n terms o f a r i n g o f i n t r u s i v e dyke-
l i k e bodies which do not outcrop. 
The aeromagnetic anomaly map over the Skye igneous complex c o n s i s t s 
of intense negative anomalies over the C u i l l i n c entre and over the 
b a s a l t i c lavas s i t u a t e d N.W. of the centre and an extensive p o s i t i v e 
anomaly over the Eastern and Western Red H i l l s c e n t r e s . The pseudogravimetric 
anomaly obtained by t r a n s f o r m i n g the magnetic anomaly shows s i m i l a r f e a t u r e s 
at corresponding places. The negative pseudogravimetric anomaly over the 
C u i l l i n c entre has steep g r a d i e n t s suggesting t h a t i t may be due t o 
outcropping basic and u l t r a b a s i c rocks o f t h i s c e n t r e . The p o s i t i v e 
anomaly over the Red H i l l s has g e r i ^ t l e g r a d i e n t s and t h e r e f o r e i t i s 
probably not due to the outcropping rocks of the Red H i l l s beyond which 
i t extends. The p o s i t i v e anomaly has been a t t r i b u t e d t o unexposed 
magnetic rocks s i t u a t e d below the whole complex. A t h r e e dimensional 
i n t e r p r e t a t i o n of the pseudogravimetric anomaly was performed using the 
end c o r r e c t i o n method. The model obtained e s s e n t i a l l y c o n s i s t s of two 
bodies. One o f them can be i d e n t i f i e d w i t h the basic and u l t r a b a s i c 
rocks o f the C u i l l i n c e n t r e . This body, which takes an approximate 
shape of a t r u n c a t e d c y l i n d e r , has a w i d t h o f 8 km and a base which 
deepens towards the S.W. from 1.5-3.0 km. The body i s r e v e r s e l y 
magnetized and has an i n t e r p r e t e d magnetization o f 4.9A/m. The o t h e r 
body i s s i t u a t e d below the Red H i l l s and takes the approximate shape of 
a t r u n c a t e d cone extending t o a depth of 14km. This body has a 
magnetization o f 1.1 A/m and i t i s normally magnetized. The i n t e r p r e t a t i o n 
shows t h a t the Red H i l l s g r a n i t e s are shallow and weakly magnetized. 
B a s a l t i c lavas w i t h reverse magnetization s i t u a t e d west o f the C u i l l i n 
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ce n t r e were also i n c o r p o r a t e d i n the i n t e r p r e t a t i o n . The pseudogravimetric 
i n t e r p r e t a t i o n confirms the r e s u l t s o f the previous g r a v i t y i n t e r p r e t a t i o n 
of^Skye igneous complex ( B o t t and Tuson, 1973) which showed the existence 
of a l a r g e basic body i n the subsurface. 
The aeromagnetic and pseudogravimetric anomalies o f the Blackstones 
Bank are dominantly negative w i t h a narrow p o s i t i v e anomaly superimposed 
at the c e n t r a l p a r t . When compared w i t h the a c t u a l g r a v i t y anomaly over 
the Blackstones Bank, i t can be seen t h a t b o t h the g r a v i t y and pseudogravi-
m e t r i c anomalies extend over approximately equal areas and cross - s e c t i o n s 
have approximately equal w i d t h s . This suggests t h a t the same rock 
u n i t s are e s s e n t i a l l y producing both the g r a v i t y and magnetic anomalies. 
Two extreme models were obtained by i n t e r p r e t i n g the pseudogravimetric 
anomaly. These two models c o n s i s t o f two bodies, one i n s i d e the o t h e r , 
and b o t h the bodies take the approximate shape of a truncated cone. 
The ou t e r body which i s r e v e r s e l y magnetized extends t o a depth o f 15 km 
i n both models and i t s magnetization i s 0,93 A/m i n both models. I n 
one of the models, the i n n e r body extends t o a depth o f 1km and has a 
magnetization o f 2.47 A/m, I t was found t h a t t h i s i s the lower l i m i t 
o f the depth t o the base as i t was d i f f i c u l t t o o b t a i n a good f i t when 
the depth t o the base was less than t h i s value. The magnetization o f 
the i n n e r body i n the second model i s zero and i t extends t o a depth 
o f 5 km. This i s the maximum p e r m i s s i b l e depth t o the base o f t h i s 
body. The depth t o which the normally magnetized body extends must 
t h e r e f o r e be i n the range 1.0-5.0 km. The g r a v i t y model o f the 
Blackstones Bank takes the approximate shape o f a t r u n c a t e d cone 
extending t o a depth o f 20 km and having a d e n s i t y c o n t r a s t o f 0.33 
o 3 
g/cm . Assuming a d e n s i t y o f 2.8g/cm f o r the surrounding Lewisian 
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3 roc k s , the d e n s i t y o f the g r a v i t y model becomes 3.13 g/cm which i s 
f a i r l y close t o the d e n s i t y o f u l t r a b a s i c rocks o f Rhum ( B o t t and 
T.uson, 1973). Both the g r a v i t y and pseudogravimetric models have 
approximately equal h o r i z o n t a l dimensions. 
7,3 Comparison o f the Centres 
High p o s i t i v e Bouguer g r a v i t y anomalies have been observed over 
the T e r t i a r y igneous centres i n N.W.Scotland ( B o t t and Tuson,1973, 
M c Q u i l l i n e t a l . 1975). The observed maximum Bouguer g r a v i t y anomaly 
of the M u l l and Skye igneous centre i s about 73 mgal w h i l e i t i s about 
150 mgal over the Blackstones Bank igneous c e n t r e . The amplitude of 
the g r a v i t y anomalies over the M u l l and Skye igneous complexes r e l a t e d 
t o an estimated r e g i o n a l l e v e l of 20 mgal i s about 53 mgal ( B o t t and 
Tuson, 1973). Estimated r e g i o n a l l e v e l o f the Blackstones Bank 
igneous complex i s 50 mgal and the amplitude i s t h e r e f o r e about 90 
mgal. These intense p o s i t i v e g r a v i t y anomalies suggest the existence 
of massive basic and u l t r a b a s i c bodies i n the subsurface beneath the 
T e r t i a r y igneous complexes. I n t e r p r e t a t i o n of the g r a v i t y anomalies 
over the M u l l and Skye igneous complexes have shown t h a t they are 
u n d e r l a i n by basic and u l t r a b a s i c bodies extending t o a depth o f 
around 14 km ( B o t t and Tuson, 1973). G r a v i t y anomalies over the 
Blackstones Bank igneous complex have been i n t e r p r e t e d i n terms o f 
a u l t r a b a s i c body extending t o a depth o f 20 km. G r a v i t y s t u d i e s f u r t h e r 
show t h a t the g r a n i t i c rocks i n the M u l l and Skye igneous complexes are 
f a i r l y shallow and small i n volume compared t o the basic and u l t r a b a s i c 
rocks. 
Intense magnetic and pseudogravimetric anomalies over the M u l l , 
Skye and the Blackstones Bank igneous centres i n d i c a t e the presence 
of massive basic and u l t r a b a s i c magnetized bodies o f l a r g e depth e x t e n t 
beneath the subsurface o f the complexes. However, the i n t e r p r e t a t i o n 
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of pseudogravimetric anomalies over these complexes show only the 
Skye and Blackstones Bank igneous centres c o n s i s t o f magnetized bodies 
as l a r g e as the corresponding g r a v i t y models. The magnetic model o f 
the M u l l complex i s smaller and shallower compared t o i t s g r a v i t y model 
and the magnetic models o f other two complexes. The magnetic models o f both 
the Skye and Blackstones Bank igneous complexes c o n s i s t o f two bodies w i t h 
opposite magnetic p o l a r i t i e s w h i l e the magnetic model o f the M u l l complex 
consists o f a normally magnetized s i n g l e body. Nevertheless, i t i s 
surrounded by r e v e r s e l y magnetized lavas as i n the Skye igneous complex. 
The magnetic anomaly map o f M u l l shows a r i n g o f narrow p o s i t i v e and 
negative anomalies o u t s i d e the c e n t r a l i n t r u s i v e complex. There are 
no such r e g u l a r f e a t u r e s i n the magnetic anomaly maps o f Skye and 
Blackstones Bank. Out o f the thr e e magnetic models, the magnetic model 
of the M u l l complex has the highest magnetization. Presence o f 
normally and r e v e r s e l y magnetized bodies i n a l l three complexes i n d i c a t e s 
t h a t the complexes were a c t i v e at l e a s t f o r successive reverse and 
normal periods o f the earth's magnetic f i e l d . The intense negative 
anomalies over the lavas and some o f the i n t r u s i v e rocks o f the igneous 
complexes demonstrate t h e i r s t r o n g remanent magnetization. The reverse 
remanent magnetization of these rocks and lavas i s very l a r g e and must 
outweigh the induced magnetization. As i n d i c a t e d e a r l i e r , g r a v i t y 
s t u d i e s show t h a t the g r a n i t i c rocks o f the igneous complexes are 
shallow and small i n volume. The present pseudogravimetric study 
f u r t h e r shows t h a t the g r a n i t i c rocks are weakly magnetized compared 
t o the basic and u l t r a b a s i c rocks. 
7.4 Suggestions f o r F u r t h e r Work 
B o t t and Stavrev ( p r i v a t e communications) transformed the magnetic 
anomalies over the Arran igneous complex i n t o pseudogravimetric 
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anomalies and performed an i n t e r p r e t a t i o n . The pseudogravimetric 
anomaly map of the Rhum igneous complex has been prepared by the 
author. This i s a negative pseudogravimetric anomaly. The 
g r a d i e n t of the anomaly becomes very steep at i t s c e n t r a l p a r t . 
This shows the p o s s i b l e existence o f ^ s t r o n g l y and r e v e r s e l y magnetized 
shallower body surrounded by weakly and r e v e r s e l y magnetized deeper 
body i n the subsurface o f the Rhum igneous complex. I t may be o f 
i n t e r e s t t o compare the pseudogravimetric anomaly w i t h the a c t u a l 
g r a v i t y anomaly and perform an i n t e r p r e t a t i o n t o i n v e s t i g a t e t h i s 
f u r t h e r . A s i m i l a r study can be c a r r i e d out on the aeromagnetic 
anomaly map o f the Ardamurchan igneous c e n t r e . The pseudogravimetric 
anomaly over the b a s a l t i c lavas o f n o r t h e r n Skye changes i t s s i g n 
from p o s i t i v e t o negative when going from the east coast t o the west 
coast o f the i s l a n d . This suggests t h a t the d i r e c t i o n o f magnetization 
o f lavas changes from p o s i t i v e t o negative along t h i s d i r e c t i o n . I t 
may be u s e f u l t o i n t e r p r e t a p r o f i l e o f the pseudogravimetric anomaly 
over the lavas and perform some measurements of the magnetization o f the 
lavas t o i n v e s t i g a t e t h i s idea f u r t h e r . 
I t was shown i n chapter 4 t h a t t h e r e i s a zone of h i g h l y magnetized 
rocks i n c e n t r a l M u l l surrounded by more weakly magnetized rocks. A 
de t a i l f i J m i n e r a l o g i c a l study and measurement o f magnetic p r o p e r t i e s o f the 
i n t r u s i v e complex would also present a scope f o r f u r t h e r s t u d i e s . 
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APPENDIX A l 
The appendix A l gives a l i s t i n g o f computer programs developed 
f o l l o w e d by a b r i e f d e s c r i p t i o n o f each program. 
PSGC transforms a given magnetic anomaly values a t nodes o f an e q u a l l y 
spaced square g r i d i n t o pseudograviraetric anomalies and produces a 
contour map o f the pseudogravimetric anomaly. 
Run Command 
$ RUN OBJ.+*GHOST+UNSP:DIGLIB 5 = MDATA 4 = MPDATA 9 = PLOTFILE 
D e s c r i p t i o n o f i n p u t f i l e s 
MDATA contains the magnetic anomaly values a t the nodes o f the g r i d . 
MPDATA contains values o f d i p and zimuth o f magnetization v e c t o r and 
earth's t o t a l f i e l d , h e i g h t at which anomaly r e q u i r e d t o be c a l c u l a t e d 
and i n f o r m a t i o n regarding the contour map (see l i s t i n g o f the program). 
D e s c r i p t i o n of output f i l e 
PLOTFILE contains the i n f o r m a t i o n r e q u i r e d t o p l o t the contour map 
of the anomaly. 
GREND performs 3D g r a v i t y i n t e r p r e t a t i o n u s i ng the t r i a l and e r r o r 
method. The end c o r r e c t i o n method i s used t o c a l c u l a t e the g r a v i t y 
anomaly. 
Run Command 
#RUN OBJ.+*GHOST 5 = BDATA 4 = OBDATA 6 = RES 9 = PLOTFILE 
D e s c r i p t i o n o f i n p u t f i l e s 
BDATA contains i n f o r m a t i o n about the t r i a l model such as i t s body 
coordinates (see l i s t i n g o f the program). 
OBDATA contains the observed anomaly values and t h e i r X-coordinates. 
D e s c r i p t i o n of output f i l e s 
RES contains the c a l c u l a t e d anomaly a t given X-coordinates 
PLOTFILE contains i n f o r m a t i o n r e q u i r e d t o draw the diagram which 
i l l u s t r a t e s the s u b d i v i s i o n of the model f o r the use of end c o r r e c t i o n 
method and t o draw the observed and c a l c u l a t e d anomalies t o g e t h e r w i t h 
a c r o s s - s e c t i o n o f the body. 
10b 
OPGRBND performs 3D g r a v i t y i n t e r p r e t a t i o n u s i n g a no n - l i n e a r 
o p t i m i z a t i o n technique. The end c o r r e c t i o n method i s used i n 
c a l c u l a t i n g the anomaly as i n GREND. 
Run Command 
gRUN OBJ.+*GHOST+*NAG 5 = BDATA 4 = OBDATA 6 = RES 
9 = PLOTFILE 
D e s c r i p t i o n of i n p u t and output f i l e s see the d e s c r i p t i o n given f o r 
GREND. 
MAGI performs 2D magnetic i n t e r p r e t a t i o n u s i n g a Quasi-Newton method. 
Run command 
£RUN OBJ.+*NAG 5 = BDATA 7 = OBDATA 6 = RES 
D e s c r i p t i o n o f i n p u t f i l e s 
BDATA contains i n f o r m a t i o n o f the body such as i t s body coordinates 
(see l i s t i n g o f the program), 
OBDATA contains observed anomalies, t h e i r X-coordinates and w e i g h t i n g 
f a c t o r s , 
RES contains i n f o r m a t i o n about the o p t i m a l body. 
MAG2 performs 2D magnetic i n t e r p r e t a t i o n using the simplex method. 
Run Command 
£RUN 0BJ.+*NA3 5 = BDATA 7 = OBDATA 6 2 RES 8 = OBF 
D e s c r i p t i o n o f i n p u t and output f i l e s 
BDATA, OBDATA, RES See d e s c r i p t i o n g i v e n f o r MAGI. 
OBF contains t h e values o f the o b j e c t i v e f u n c t i o n a t the v e r t i c i e s 
o f the simplex a f t e r a s p e c i f i e d number i t e r a t i o n s . 
C PROGRAM PBGC D *A * TANTRIGOBA 1990 
C 
C THE PROGRAM PBGC CONVERTS A GIVEN MAGNETIC ANOMALY VALUES AT 
C THE NODES OF A SQUARE GRID INTO PSEUD0GRAVIME."Tft IC ANOMALIES 
C AND DRAWS A CONTOUR MAP OF THE PSEUDOGRAVIMETRIC ANOMALY * 
C 
C INPUT DATA 
C 
C PINFPD«INCL* AND DECL* OF MAGNETIZATION VECTOR? 
C E I 9 D=SINCL * AND DECL • OF EARTH ' S FIELD 
C Z»HEIGHT AT WHICH PSGRV* ANOMALY NEEDED TO BE COMPUTED ? 
C LNS-NO* OF NODES OF EACH SIDE OF THE SQUARE GRIDy 
C NH~NO» CONTOURS NEEDED TO BE DRAWN? 
C DIN T == DIGITIZIN G INTERVAL y 
C XMIN^MINIMUM X™COORD* OF MAG, ANOMALY MAPv 
C XMAX--MAXIMUM X-COORD* OF MAG* ANOMALY MAPv 
C YMIN-MINIMUM Y-COORD* OF MAG* ANOMALY MAP? 
C YMAX--MAXIMUM Y "COORD* OF MAG* ANOMALY MAPy 
C AI NT": INTER <• AT WHICH AXES OF PSEGRV* MAP NEEDED TO BE ANOTATED t 
C REG-CONSTANT REGIONAL LEVEL ADDED TO THE PSGRV * ANOMALY• 
C F(2D ARRAY) ARRAY IN WHICH MAG» ANOMALY VALUES ARE STORED•> 
C HUD ARRAY) ARRAY I N WHICH CONTAINS CONTOUR LEVELS« 
C ARRAYS X y Y y F yGyA ALL SHOULD BE DECLEARED AS HAVING DIMENSIONS LNS 
C OR LNS*LNS APPROPRIATELY* 
C 
DIMENSION X(32)y Y ( 3 2 » F<32*32)> G(32y32)y HC:l.7)y YLQCC50) 
•rAC32*32) 
LOGICAL SWITCH(5)/5 #*TRUE* / 
E X T E R N A L P 0 SIT N y J 01N y L A B E L R 
CALL PAPER U ) 
R E A D ( 4 y * ) PIN y P D t E1y D y Z r L N S y N H t DIN T y AIN T 
* 9XMIN9XMAX y YMIN y YMIN y REG 
READ <4 y # ) C H < I ) v l ~ l 9 N H ) 
READ <5 y % ) ( < F < I » J ) »• J= 1»LNS) y I « 1 y LNS) 
DO 10 1=1fLNS 




DO 11 1=1tLNS 
DO 11 J™:l. y LNS 
11 G<I*J>=0.0 
CALL PBGC(LX y LY tF y G ?EIyD>PINvPD»Z v REG 9 DINT) 
DO 14 3>19 LNS 
DO 12 J==l y LNS 
AC I f J > = F ( J F I ) 
12 CONTINUE 
14 CONTINUE 
CALL PSPACE(0 * 1y 0 * 9 y 0 * 1y 0 * 9) 
CALL CSPACE(0 * 0y1•010•0y1 * 0) 
CALL MAP(X(1)y X(LNS)y Y <1)y Y(LNS)) 







CALL CONLBL (LABELR y DIST t NXL t XLOC * NYL» YLOC ) 
CALL CONTUR(X y LNS?Y t LNS 9 A ?LNStH*17 ?S WITCH) 
C A L L M A P (X MIN »X M A X * Y MIN» Y MIN ) 
CALL CTRMAG<7> 







8 U B R 0 U TIN E F U R R Y ( L X ? X v Y 9 61G NI y S ) 
C 
C FAST FOURIER TRANSFORM SUBROUTINE 
C 
C A* G * NUNNS 1977 * MODIFIED FROM CLAERBOUT (1976)fFUNDAMENTALS OF 
C GEOPHYSICAL DATA PROCESSING 
C 
C THE COOLEY-TUKEY ALGORITHM IS USED TO CALCULATE ..IE FOURIER TRANSFORM 
C OF A COMPLEX TIME SERIES ( X ( J ) i Y ( J ) ) OF LX EQUALLY SPACED POINTS WHERE 
C L X ~~ 2 * * IN T E GE R »T H E COMPLEX TRANSFORM r( X < K) w Y < K ) > IS OBTAINED AT LX 




C J * l 
C FOR K = l t 2 r * * * * f L X 
C LX 
C Y < K >»SC*(SUM C X < J)*SIN < ARG > +Y <J)*COS(ARG))) 
C J«l 
C 
C W H E R E A R G * 2 * PI * SIG NI * ( J -1) # < K -1) / L X 
C 
C IF SIGNI~-f 1 < 0 y THEN SC=1*0 AND FORWARD TRANSFORM IS OBTAINED 
C IF SIGNI~:-:!. * 0 9 THEN SC*1«0/LX AND REVERSE TRANSFORM IS OBTAINED 
C 
C LIST OF SUBROUTINE ARGUMENTS C LX THE NUMBER OF DATA POINTS 
C X THE ARRAY X ( i ) t X < 2 ) f • * • * r X ( L X ) WHICH CONTAINS THE REAL PART 
C OF THE TIME SERIES WHEN THE SUBROUTINE IS CALLED AND ON 
C RETURN THE REAL PART OF THE FOURIER TRANSFORM 
C Y THE ARRAY Y(l>>Y<2>»•#••*Y(LX) CONTAINING THE IMAGINARY PARTS 
C OF THE TIME SERIES AND TRANSFORM ON CALL AND RETURN RESPECTIVELY 
C S1GNI INDICATOR FOR FORWARD OR INVERSE TRANSFORM 
C S THE ARRAY S<1)rS < 2 ) r « • • * vS <LX/4+1) CONTAINING TABLE OF 
C SINE VALUES EVALUATED BY SUBROUTINE SINTAB?CALLED FROM MAIN 
C 
DIMENSION X(LX) 9Y<LX)9S<LX) 
C 
SOl»0 




C REORDER DATA POINTS BY REVERSING ORDER OF THE BINARY DIGITS OF THEIR 
C INDICES < INDEX OF X(J) IS <J-D) AND MULTIPLY BY SCALE CONSTANT SC 
C 
J»l 
DC) 30 J>ifLX 








20 IFU*LE*M) GO TO 30 
J-J-M 
M«M/2 
IF<M*GE*1) GO TO 20 
30 JaJ+M 
C 
C COMPUTE TRANSFORM USING DOUBLING PROCEDURE•THE REQUIRED SINE AND 
C COSINE VALUES FROM ZERO TO PI ARE ALL OBTAINED BY APPROPRIATE INDEXING 
C FROM THE ARRAY S WHICH HAS SINES EVALUATED FROM ZERO TO PI/2 
C 









GO TO 45 
42 WX~0* 
WY^SIGNI 
GO TO 45 
43 WX~-S<INBN+1) 
W Y = S < N +1 •- IN D N > * SIG NI 










IF(L*LT»LX> GO TO 40 
RETURN 
END 
SUBR0U7' INE SINTAB < LX 9 S) 
C 
C SINE TABLE SUBROUTINE 
C 
C THE SUBROUTINE RETURNS VALUES 
C 
C S(I)»SIN(2*PI*(I-l/)/LX> I*if2»• * * * yLX/4+1 
;o7 
C WHERE LX»2**INrEGER IS THE NUMBER OF POINTS IN THE TIME SERIES IN MAIN 
C 
DIMENSION SCLX) 




D E L A R G « 0 * 6 2 8 3:1.853071.795 8 6 D 01 / L X 
DO 10 1=1*N1 
S < I ) :SBSIN ( ARC ) 




SUBROUTINE TRNS2D <LXyLYyF*G»SIGNI>•SX*SY) 
C 
C MARY ROGAN 1977* 
C 
C THE SUBROUTINE CALCULATES THE 2-DIMENSIONAL TRANSFORM OF AN ARRAY 
C F<XfY>+I*G<XrY)>X=L#AfL=l»LX> Y=J*BrJ=lfLYy BY REPEATED APPLICATION 0 
C 1-DIMENSIONAL TRANSFORM FURRY TO THE MATRIX F C L F J ) * 
C MXY™ MAX(LX ? LY) 
C IF SIGNI=+1.0 THE FORWARD TRANSFORM IS CALCULATED ? 
C SIGNI"" -1 * 0 THE INVERSE TRANSFORM IS CALCULATED * 
C 
DI MENS I ON F ( LX r 1) r G < LX r 1 ) r X < 128 ) v Y CI. 28 ) 9 SX ( LX) 9 SY ( L Y ) 
DO 10 J»1*LY 
CALL MTO V(LXrLY»JrlrXrY»F»G) 
CALL FURRY (LX»Xr YrSIGNIySX) 
CALL VTOM(LX tLY rJy1yX rY 9F yG) 
10 CONTINUE 
DO 20 L*irLX 
CALL MTOV < LXy LY 9L? 2 y X»Y y Fy G) 
CALL FURRY < LY 9X rY ySIGNIySY) 




SUBROUTINE MTOV ( LX y LY y J y NT. 9 X * Y y F > G ) 
DIMENSION X<128) r Y<128> rF<LX»l) F G ( L X » D 
IF<NI*E0.2> GO TO 15 






DO 20 L»"l y LY 





SUBROUTINE VTOM(LX 9LY yJy NI9X y Y y F?G) 
DIMENSI ON X (.1.28 ) 9 Y (128 ) t F ( LX y 1) , G ( LX y 1 ) 
IF(NI»EG*2) GO TO 15 
DO 10 L»lrLX 
FCLFJ)«X<L) 











SUBROUTINE PSGC(LX y LY yF r G r EIrDy PIN y PD y Z y REG y DINT) 
C 
C THE SUBROUTINE PSGC CONVERTS A GIVEN MANNETIC ANOMALY VALUES AT AN 
C EQUALLY SPACED GRID INTO PSEUDOGRAVIMETIC ANOMALIES * THIS SUBROUTINE 
C FIRST CQPUTES THE FOURIER TRANSFORM OF MAG• ANOMALY USING A F * F * T 
C ALGOT?IHEM* THEN BY MULTIPLYING EACH FOURIER COEFF* BY AN APPROPRIATE 
C KERNALCSEE CHAP* 2) AND TAKING THE INVERSE FOURIER TRANSFORM OF THIS C PRODUCT f THE PS!::.UD0GRAVIMETRIC ANOMALY IS COMPUTED * 
<•••• 
C LIST OF SUBROUTINE ARGUMENTS 
C 
C F"ARRAY IN WHICH THE REAL PART' OF MAG* AND PSGRV, ANOMALIES ARE 
C G™ARRAY IN WHICH THE IMA* PART QF MAG* AND PSGRV* ANOMALIES ARE 
C LX*LNS 
C LY=LNS 
C EI»DfPlN»PD*X - SAME AS DEFINED IN MAIN PROGRAM* 
C 







P D:::: D G T 0 R D * P D 
CALL SINTAB(LXrSX) 
CALL SINTAB(LY ? SY) 







DO 22 1-2*LX2 




S1 -H* (K1 *COS (D ) +K2#SIN < D)) *'C08 < EI) /SIN ( EI > 
52=H*(K1*C0S (PD) + K2JKSIN ( PD) ) #COS(PIN)/SIN< PIN) 
DE=< Pl2**2-Si*S2)**2+(SI+32)**2*P12**2 
E=EXP<F12*Z> 




A« ( F < 191) *PR- -G ( I y :l. ) *PN > *E 
B»- ( F ( 1 9 1 ) *PN + G < I * 1) *PR > *E 
F< I »•:). )»A 
G < I v 1 ) « B 
;i: I -LX-1+2 
F ( I 1 v 1 ) = F < I > 1 ) 
G<I1V i ) a - G ( I > 1 ) 
CONTINUE 





S1H * < K1 * C 0 S (D>+K2*SIN<D)>* C 0 8 < EI >/SIN< EI) 
S2»H#(K1#COS< PD)+K2#SIN(PD))*CQS(PIN)/SIN(PIN) 
D E:::: (P12 * * 2 S l*S2)**2+( S1 + B 2 ) * * 2 * P12 * * 2 
E=EXP<P12*Z) 
PR = (P12**4 -B1 *B2*P 12**2) /DE/P 12 
PN=((S1+S2)*P12**3)/DE/P12 
A~< Ft1»J)*PR-G<1F J)*PN)*E 
B«< F ( 1 9 J)*PN+G(1FJ)*PR)*E 






DO 26 I«2fLX2 
K1~I-1 
I l * L X - I + 2 





SI~H*(K1*COS< D)+K2*SIN(D))*COS <EI)/SIN(EI) 
S2~H* < K1* C0S< PD)+K2 * BIN(PD))*C0B <PIN)/BIN <PIN) 
D E ( P 1 2 * * 2 •• SI *S2 ) **2+ (SI+S2 ) **2* P12** 2 
E*EXP(P12*Z) 
PR« < P 12**4 - S1 *S2*P 12**2) /DE/P12 
PN~< <S1+ a2 > *P12**3)/DE/P12 
A=(F€ IFJ)*PR-G<19 J)*PN)*E 
B= (l : r CI » J) *PN+G ( 1 9 J) *PR) *E 
F(IFJ)«A 
G(!fJ)*B 




P12 - H * S 0 R T ( A R G ) 
81=H*(K1*C 08(D)+K2 * BIN <D))*0 0B <EI)/SIN < E I ) 
S2=H* CKl*COS(PD)+K2*SIN(PD))*COS C PIN)/BIN(PIN) 




A :l. * (F* ( I f J 1 ) *PR-G ( I v J1 > *PN) *E 
B1«(F(IFJ1)#PN fG(1 9Jl)*PR> *E 
F< I y J l ):»A:l. 
Q(l"j J l )=B1 
F<I1>J>*F<I*J1> 
G < I I pj>--G<:i:y J D 
28 CONTINUE 
26 CONTINUE 
DO 32 1*1?LX 
F<IFL2>*0»0 
G<IFL2>=6#0 




CALL SINTAB(LY y BY) 
CALL TRNS2D(LX yLY y FiGy-1•0y SXy BY) 
HA~3IN<EI)#8IN<PIN) 
DO 80 1=1FLX 









THE SUBROUTINE LABLER WRITES VALUES OF CONTOUR 
APPROPRIATE PLACES ON THE PSGRV* NAP * 
M*IFIX<2) 
CALL CTRHAG(7) 
CALL PLOTNKXCy YCFM) 
RETURN 
C PROGRAM GREND D•A•TANTRIGODA 1981 
C 
C THE: PROGRAM GREND PER FOR MAS 3-D GRAVITY INTERPRETATION USING END 
C CORRECTINS* WAY IN WHICH THE MODEL IS SUBDIVIDED FOR THE APPLICATION 
C OF END CORRECTIONS AND OBS* AND CALC* ANOMALIES TOGETHER WIHTH A 
C X •SECTION OF THE MODEL ARE DRAWN AS OUTPUT* 
C 
C INPUT DATA 
C 
C NB-NQ* OF BODIES 
C NT-TOTAL NO*OF BODY POINTS 
C NF=NO• FIELD POINTS 
C NBR=NO* DIFFERENT DENSITY VALUES 
C ZS-HEIGHT AT WHICH OBS* ARE MADE<Z-AXIS VERTICAL!... DOWNWARDS) 
C RL=ASSUMED CONSTANT REG* LEVEL 
C RLG "-ASSUMED REG * GRADIENT (MGAL/KM ) 
C NN(ID ARRAY)-NO* OF BODY POINS OF EACH BODY 
C NNZ<1D ARRAY)-NO* OF HORIZONTAL STRIPS EACH BODY IS DIVIDED 
C INTO(SEE CHAPTER3) 
C RR(ID ARRAY)-COM* RATIO OF THE ARITH• PROG * EACH SET OF 
C HORIZONTAL STRIPS FORM 
C RHH(ID ARRAY)-NBR DENSITY VALUES 
C NR(ID ARRAY)-SET OF INDICIES CORROSP* DENSITY VALUES(EG* 1 2 3 3 
C -1ST AND 2ED BODIES HAVE 1ST AND 2ND DENSITY VALUES 
C OF THE ARRAY RHH AND 3RD AND 4TH BODIES HAVE 3RD DENSITY VAL* 
C OF THE ARRAY RHH) 
C SLOCI.D ARRAY)-TAN* OF ANGLE BETWEEN VERT* AND SIDES OF THE 
C BODY ALONG A DIRCT• PERPENDICULAR TO THE PROFILE 
C MXX(2D ARRAY)-NO OF ELEMENTS EACH STRIP OF EACH BODY ARE DIVIDED 
C (EG* 5 4 3 2 
C THE BODY IS DIVIDED INTO 4 STRIPS AND 1ST 2ND 3RD AND 4TH 
C STRIPS ARE DIVED INTO 5s>4y3 AND 2 ELEMENTS RESPECTIVELY* 
C YY(2D ARRAY)-HALF LENGTH OF PRISMS CORROSPONDIG TO ELEMENTS 
C IN THE FIRST STRIP OF EACH BODY* 
C IT NECESSARY TO WRITE YY VALUES CORRES* EACH BODY 
C IMMEDIATELY AFTER ITS MXX VALUE*I*E* IN THE INPUT DATA 
C SETS OF MXX AND YY VALUES SHOULD APPEAR ALTERNATIVELY* 
C XB y ZB(ID ARRAYS)-X AND Z COODINATES OF ALL BODY POINTS * 
C BODY POINTS ARE SPECIFIED CLOCKWISE STARTING FROM THE TOP 
C LEFT HAND SIDE BODY POINT* 
C N I K ID ARRAY)-AN ARRAY OF INTIGER NO* WHICH INDICTAES 
C WHETHER EACH BODY POINT 
C IS ON RHS* OR LHS* N i l IS 0 FOR POINT ON LHS * AND IT IS 1 FOR 
C POINT ON RHS * 
C XSSC1D ARRAY) X-COORD* OF OBS * AND CALC* ANOMALIES * 




DIMENSION XB(IOO) yZB(K)O) yYBCLOO) yXSS(lOO) y FO< 100 > t N I K 50) yNNCI.0) 
$ y NNZ(10)y RR(10)y RHH(10)y SLO(10)yYC(20 y 20)tYY(10 r10)rMXX(10 y10) 
* f F<100) yNR(K)O) 
COMMON/COM1/NBy NT y NN ?NNZ y MXX y NIIyNR y NBR 
C0MM0N/C0M2/RR y YB y FO>SLO ?SC vF y RLGy RL 
C0MM0N/C0M3/NF y NNF y ZS y XSS 
READ < 5y *)NB y NT vNF y NBR y ZS y RL y RLG 




READ < 5 r *)<RHH(I)F1 = 1yNBR) 
READ < 5 * *)<NR <I> y1*1vNB> 
READ (5 > *) (SLO ( I ) y I=1. y NB) 
JN=0 
JM=0 
DO 32 K«lfNB 
JN=JN+1 
NZ«NNZ(K) 
READ C 5 f * X MXX < I HO »I:::: 1 v NZ) 
M«MXX<1#K) 
READ ( 5 r * ) ( YY ( I r K ) y I= 1 y M ) 
DO 34 X^lfH 
JM=JM+1 
Y C < I F J N ) * Y Y ( I * K ) 
34 YB(JM>«YY<I*K) 
















READ(5y#) (XB(I) yZB(I) F N I K I ) yl-.tyNT) 
READ < 4 y * ) ( X S 3 ( I ) y FO(I)yI»1y NF) 
CALL BD(XB y ZB»RHH) 
CALL PLOT(F yXSStNF y NNy FOv XBrZByNB> 
WRITE < 6f33)(XSS CI)yF(I)yI«lyNF) 
33 FORMAT<1H y 2F10*3) 
STOP 
END 
SUBROUTINE BD(XBtZB y RH) 
C 
C THE SUBROUTINE BD DIVIDES GIVEN BODY INTO A NUMBER OF ELEMENTS 
C AND CALCULATES THE GRAVITY ANOMALY DUE TO THE BODY USING 
C END CORRECTIONS* 
IMPLICIT REAL#8(A~H y O-Z) 
DIMENSION X(50)yZ(50)yXR(50)yXL(50)y NI(50)>NZL<50)yNZR<50) 
*y ZC(50)yXRC(50)rXLC < 50 >»GR< 50)rCR C 50)yGL(50)yCL< 50)vSLO(10) 
$ y ZR (50) y ZL ( 50) y XL A (50) r ZLA ( 50) y X1 (100) y X2 <100 ) y X3 < 100 > f X4 < 100 ) 
$»Z1<100)rZ2(100)yZ3CL00)yZ4<100)yXT(100)yMX(50)yXB(100)yZBClOO) 
$yRRCI.O) rHXXdOf 10) F N I I < 5 0 ) yXG(lOO) yZGClOO) rYB(lOO) yFO(lOO) 
*y KN(10)y KNA(10)yKNB <10)rX5(100)y Z5(100)y NN(10)yNNZ(10)yNO(1005 
$y XSS(100)rF(100)y RH <10>tXA(10)rZAC10)y EC(80yBO)yFS(80 y80) 
•yNR(lOO) 
COMMON/COM1/NBy NT y NN yNNZ y MXX y NI1yNR , NBR 
C0MM0N/C0M2/RRy YB y FO y SLO y SC y F yRLG yRL 
C0MM0N/C0M3/NFtNNF y ZS ?XSS 






C CALCULATE THE RGIONAL ANOMALY AT EACH FIELD POINT * 
C 
DO 17 1=1FNF 
17 F<I)=RL+RLG*XSS<I) 
K1»0 
KB 1 = 1 
DO 1 IK=1»NB 
NH=NNCIK) 
NZ»::NNZ < IK) 
RaRR(IK) 
SLP*SLO<IK) 
DO 3 1=1»NZ 
3 M X C I ) « M X X C I P I K > 
KB2=KB1+NH-1 
J=0 









C SELECT COORD* OF BODY PTS* ON RHS* AND LHS• 
C 
DO 10 1=19NH 






XLA < L L ) ~ X ( I ) 










C CALC* ORAD * AND INTERCPT * OF SIDES ON RHS * 
C 




IF<XXRA*LT*0.000001DO) GOTO 40 








c CALC, GRAD• AND INTERCPT* OF SIDES ON LHS 
DO 60 I ""19 LLL 
XXL-XL(I)-XL(J) 
XXLL«DABS<XXL) 
IF (X X L L • L T • 0 4 0 0 0 0 01D 0) G 0 T 0 7 0 
GL ( I ) a ( ZL ( I ) -ZL ( J ) ) /XXL 






C CALC* COMMON DIFF* OF ARITHM* PROG• H. STRIPS FORM 












DO 90 I - l 9 L L L 
J* 1 + 1 
IF<A #LT*O*0) GOTO 94 
IF(ZC(L1)»LT«ZL(J)»AND»ZC(L1)*GT*ZLCI>) NZL<Li)=I 
IF < Z C ( L1) * L T * Z L ( J ) ) G 0 T 0 10 0 
GOTO 90 
94 IF(ZCCLl) * GT • ZL ( J) • AND • ZC (L1 > *LT*ZLU) ) NZL(L1 ) : " : I 
IF(ZC(L1)•GT•ZL(J)) GOTO I00 
90 CONTINUE 
1.00 DO 1.1.0 1 = 1 9 LRR 
J * I +1 
IF(A•LT•0•0) GOTO 96 
IF(ZC<L1)•LT•ZR(J)* AND * ZC(L1)•GT * Z R ( I ) ) NZR <L1) = I 
IF<ZC(L1> *LT*ZR(J)) GOTO SO 
GOTO 110 
96 IF (ZC ( L1) * GT . ZR C J) • AND • ZC (L1) • LT • ZR < I ) ) NZR (!... 1) «I 
IF(ZC(LI>.GT.ZR<J)) GOTO 80 
110 CONTINUE 
80 CONTINUE 
DO 120 1 = 1 9 HZ 
JL=NZL(I> 
IF(GL(JL)* GT* 10•0D+ 9) GOT0 130 






IF < GR< JR)•GT* 10•OD+9> GOTO 150 
XRC(1)*(Z€<I)-CR(JR>)/GR < JR) 
GOTO 120 







DO 160 J=i*NZ 
M«MX(J)+l 
DO 170 L l = l r M 
C 
C DIVIDE EACH H. STRIP INTO ELEMENTS * 
C 
170 XT C L1) =XLC (J) + (L1 -1) # ( XRC ( J) •-XLC (J ) )/<H • I.) 
J1=J+1 
M~M~1 
DO 180 1=1»M 
IFCI.ECM) GOTO 190 









X 4 ( K l ) = X T ( i ) 
Z4CK1)*ZC<Jl) 
X5( Kl)=0 + ODO 
Z5CK1>=0*ODO 
XG(Kl) = CXI(Kl)+X2< Kl)+X3< Kl)1X4(Kl))/4•ODO 



































C CALC* CMASS OF ELEMENTS HAWING 4 SIDES* 
C 
CALL CMASS(XI<Kl)9Zl<Kl> 9X2<Kl> 112(Kl)9X3(Kl)tZ3<Kl) 




Y:::: Y B ( K1) + Z D & S L P 
RHO«RH<lK> 
C 
C CALC. ENDCR* FOR FACTOR ELEMENTS HAVING 4 SIDES* 
C 







C CALC* GRAV-* ANOM* DUE TO 2D PRISMS CORRESPONDS TO 
C ELEM < HAVING 4 SIDES AND MULTIPLY BY THE 
C CORRESPONDING ENDCR, FACTOR, 
C 
C A I... L S L A B < X A 9 Z A 9 L A B r I f R H 0) 





KR I f l 
C A L L S L A B <X A 91A 9 L A B 9 K R 9 R H 0) 
211 GOTO 180 
210 K1=K1+1 
XI <!<:!. )=XT(1) 
Z K K l ) ^ Z C ( J ) 
X2CK1>*XTC2) 





















C CALC. CMASS OF ELEMENTS HAVING 5 SIDES, 
C 
CALL CMASSCXKKi) r Z K K l ) rX2(Kl ) rZ2(Kl ) yX3<Kl ) vZ3(Kl ) 








C CALC* ENDCR* FACTOR FOR ELEMENTS HAVING 5 SIDES * 
C 








C CALC4 2D GRAVITY ANOMALY DUE TO PRISMS CORR. ELEMENT5 
C HAVING 5 SIDES AND MULTIPLY BY THE CORRESPONDING 
C ENDCR FACTOR• 















KRe.T + 1 
C A L L S L A B (X A f Z A r L A B * K R v R H 0) 
180 CONTINUE 
DO 181 1.1. -:: 1 ? NF 
DO 181 J1=1*M 
J2«J1+1 






SUBROUTINE CMASS(A1yA2 y A3 yA4 yA5 tA6 tA7 yASrA9y Al0 
*?NSyXCGvZCG) 
C 
C THE SUBROUTINE CMASS CALC* CMASS OF A POLYGONAL SHAPE * 
C 
IMPLICIT REAL*8< A-Hy 0 -Z) 
















DO 3.0 1 = 1 yN 
M--I + 1 
L=I+2 











SUBROUTINE SLAB(XB y ZB y N y K yRHO) 
C 
C THE SUBROUTINE SLAB CALC* GRAM * ANOMALY DUE TO 2D 
C PRISMS AND MULTIPLY BY ENDCR* FACTORS CALCULATED BY 
C THE SUBROUTINE ENDCR* 
C 
IM P LICIT R E A L * 8 < A - H y 0 - Z ) 
DIMENSION XSS(100)yFS(80y80)y XB< 5)yZB< 5)y S I i 5 ) y C O <5) 
C0MM0N/C0M3/NFtNFF yZS y XSS 
COMMON/CLAB/FS 
PI2=2* ODO*DATAN(1 * DO) 
CC*RH0*13*34D0 
DO 5 J = l r N 
Jl=J+1 
XBD«XB<J)-XB<Jl) 
Z B D * Z B (J1) - Z B ( J) 
RBDDSQRT<XBD*XBD+ZBD*ZBD ) 
S I < JWBD/RBD 
5 CO<J)»XBD/RBD 
DO 1 5 1=1»NF 
SUM=0#ODO 
DO 1 0 J«1»N 





Z2»ZB< J D - Z S 
AX1-DABSCX1> 
AX2=BABS<X2) 
I F (A X1 • L T * 0, 0 0 0 0 0 1 D 0 ) G 0 T 0 2 0 
T1 = D A T A N 2 < Z 1 F X D 
GOTO 3 0 
2 0 T I ~ P I 2 
30 I F < A X 2 , L T , 0 , 0 0 0 0 0 1 D O ) GOTO 4 0 
T2*DATAN2(Z2FX2> 
GOTO 5 0 
4 0 T 2 - P I 2 
5 0 Rl*DSQRT<Xl*Xi+Zl*Zl) 
R2-DSQRT< X2*X2+Z2*Z2> 
T T = T 1 - T 2 
R L=D L 0 G C R 2 / R 1 ) 
S U M « - C C *<< Z1. * C 0 C J ) + X1 * SI ( J ) ) * ( T T * C 0 < J) - R L * 8 1 ( J ) ) + Z 2 # T 2 - Z1 * T 1 ) 
*+SUM 
1 0 CONTINUE 
F S < I * K ) * S U M 
1 5 CONTINUE 
RETURN 
END 
SUBROUTINE ENDCR < XC vZC y Y vJ) 
C 
C THE SUBROUTINE ENDCR CALC* ENDCR, FACTOR FOR EACH 
C ELEMENT FOR EACH F I E L D POINT, 
C 
I M P L I C I T REAL#8< A-H*0-Z) 
DIMENSION X S S ( 1 0 0 ) 9 EC < 8 0 980) 
C0MM0N/C0M3/NF *NNF tZS rXSS 
COMMON/CEC/EC 
DO 1 0 I«lfNF 
X E ^ X C - X S S ( I ) 
Z F *" Z C"""/ S 
R « B 8 Q R f <X E % X E i Z E * Z E > 
D = D S Q R T ( 1 • O f ( R / Y ) % ( R / Y ) ) 
1 0 EC(I»J)=i.0D0/D 
RETURN 
END 
SUBROUTINE P L O T ( F 9 X S S 9NF 9NN y FOv XB? ZB tMB) 
C 
C THE SUBROUTINE PLOT DRAWS TWO PLOTS AS OUTPUT, 
C F I R S T PLOT SHOWS THE WAY I N WHICH THE BODY I S 
C SUBDIVIDED, 2ND PLOT SHOWS OBS* AND CALC, ANO, 
C AND A X-SECTION OF THE BODY ON THE PLANE OF THE 
C PROFILE, 
R E A L M F 9 XSS t FO t XB t ZB 9 X 1 9 X2 9 X3 9 X4 9 X5 r Z1»Z2 » Z3 1 Z4 y Z5 
$>XG*ZG 
REAL*4 XA1yXA2 9XA3 y X A4 tXA5 y ZA1rZA2 y ZA3 yZA4 yZAS y XGA yZGA 
*>XXS*X»Z»F0ByFCL 
DIMENSION XSS(100)fF(100 > 9FO(100)»X <50)y Z(50)yNN<10)y XG(100) 
$ y ZG< 100) y X1 (100) y Z1 (100) y X2 < 100) 9 7.2 (100 ) t X3 (100 ) y Z3 (100 ) 
$ y X4(100 > y Z4 <100)rX5(100) 115(100)yNG<100)yYY(20)9XB(100)yZB(100) 
*rXAl<100) yXA2(100) rXA3C100) »XA4C100) yXA5<100) yZAKlOO) y 
*ZA2<100)>ZA3C100)yZA4<100)yZA5<100)yXGA<100)yZGA(lOO) 
$yXXS(100)y FOB(100)y FCL<100) 
COMMON/COMP/X1y Z l 9 X 2 y Z2 fX3 y Z3 y X4 vZ4 y X5y Z5 y XGy ZG y NG y K1 
CALL PAPER(1) 
DO 6 :i>;|. tKl 
XA1(I>»X1(I) 
Z A 1 ( I ) = Z 1 ( I ) 
XA2(I)»X2(I) 
ZA2<I)=Z2(I) 





Z A 5 ( I ) = Z 5 ( I ) 
X G A < D = X G < I ) 
6 ZGA(I)*ZG<I) 
DO 8 I«lvNF 
X X S < I ) = X S S ( I ) 
FOB(I)=FO<I) 
8 FCL<I)=F<I) 
CALL PSPACE< 0 • 2 v 0 * 8 y 0 * 2 y 0 * 8 > 
CALL CSPACE(0•0 y1•0 f0•0 y1•0) 
CALL MAP<15«0r 30*0y5«0y0*0) 
DO 12 1=1yKl 
CALL POSITN(XAKI) p Z A K D ) 
CALL J O I N ( X A 2 ( I ) y Z A 2 ( I ) ) 
CALL J O I N ( X A 3 ( I ) y Z A 3 ( I ) ) 
CALL JOIN(XA4 <I)y Z A 4 ( I ) ) 
I F ( N G ( I ) * EQ•4) GOTO 14 
CALL JOIN(XA5(I)yZA5(I)) 
1 4 CALL JOIN(XAKI) y Z A K D ) 
1 2 CONTINUE 
C DO 18 1=1yKl 
C CALL POSITN(XGA <I)yZGA < I ) ) 
C 18 CALL CIRCLE<0•000005) 
CALL BORDER 
C CALL AXESSI<5*0*5*0) 
CALL GREN 11 
CALL PAPER(l) 
CALL PSPACE(0•2 y0*810*5590*9) 
CALL MAP C XXS(1)yXXS < NF)y200•0 y1200 * 0) 
CALL CTRMAG(7) 
C A L L N S C U R V ( X X S v F C L y 1 y N F ) 
CALL AXESSK 5*0*5*0) 
CALL PQSITNU A) 9 800*0) 
CALL J0IN(6*0y800*0) 
CALL CSPACE(0•2y 0•8v 0•55 y 0•9) 
CALL PL0TCSC6*1y750*0*'OBSERVED ANOMALY'y16) 
CALL PLOTCS(6•1y800 * 0 y' CALCULATED ANOMALY'y18) 
C A L L B R 0 K E N (1 y 3 r 1 y 3) 
C A L L. N S C U R V ( X X S y F 0 B y 1 y N F ) 
CALL PQSITN<1 * 01750•0) 
CALL JOIN(6.Or 750*0) 
CALL FULL 
CALL BORDER 
CALL PSPACE<0•2F0*8r0 * 15F 0 * 5) 
CALL CSPACE(0•2r0•6r0• I F 0 * 5) 
CALL MAP(XXS <1)rXXS CNF)t24*0F0 * 0) 
L l * l 
DO 10 H=1*NB 
N™NN < M) 
L2«L1+N-l 
K*=0 





DO 10 1*1FN 
J = I + 1 
IF(I*EQ»N) J = l 
CALL POSI TN (X CI >• F Z < I ) ) 
CALi JGINCXCJ)FZ<J) ) 
10 CONTINUE 
CALL BORDER 
CALL POSITN< XXS <1)* 0 * 0) 
CALL J01N(XSS(NF)F 0 * 0) 
CALL PSPACE < 0•0 F1•0 ? 0 * 0 F1•0) 
CALL CSPACE C 0 * 0 91•0 F0•0 F1•0) 
CALL MAP(0,0 91•0v 0•0»1•0) 
CALL PLOTCS(0•47 90 * 52>'DISTANCE(KM)'912) 
CALL CfRORI(l*0) 
CALL PLOTCS(0•16390•65 9'PSEUD0GRAV1METRIC ANOMALY(MGAL)'931> 
CALL CTR0RI(3*0) 
CALL PLOTCS(0*16 F0,35 9 'DEPTH(KM)'t9) 
CALL CTRORI(0*0) 




Y~YY < J ) f 0 • 1 5 
CALL PLOTNICXPfYfI) 
50 CONTINUE 






C PROGRAM OPGREND D • A • TANTRI GOD A .1.98 I. 
C 
C THE PROGRAM OPGREND PERFORMS 3D GRAVITY INTRPRETATION 
C USING THE END CORRECTION METHOD AND A NON-LINEAR 
C OPTIMIZATION TECHNIQUE• WAY IN WHICH THE MODEL IS 
C SUBDIVIDED FOR THE APPLICATION OF END CORRECTIONS 
C AND DBS. AND CALC* ANOMALIES TOGETHER WITH X-SCETION 
C OF THE BODY ON THE PLANE OF THE PORFILE ARE DRAWN 
C AS OUTPUT* THIS PROGRAM IS SIMILAR TO THE PROGRAM GREND* 
C BUT IT USES A NON-LINEAR OPTIMIZATION TECHNIQUE 
C INSTEAD OF CONVENTIONAL TRAIL-AND -ERROR METHOD* 
C 
C INPUT DATA 
C 
C NB fNTy NF yNBR tZS 9RLvRLG yNN tNNZ yRRyRHH rNR rMXX yXB yZB 
C N=II*XSS»FO-SAME AS IN GREND * 
C IT IS NECESSARY TO NUMBER ALL X AND Z BODY COORDS* 
C CLOCKWISE STARTING FROM THE FIRST ONE ON THE TOP 
C LEFT SIDE*IF XB1yZB11XB2yZB2yXB3rZB3»* * * ARE THE 
C BODY COORDS* IN THE ABOVE MENTION ORDERr THEN THE 
C CORRESPONDING NUMBERS ARE lf2»3*4>5»6*.»*RESPECTIVELY * 
C 
C NO<ID ARRAY)-IT IS POSSIBLE TO EXCLUDE SOME BODY PTS* 
C IN THE OPT* PROCESS* THIS ARRAY SHOULD CONSIST OF 
C THE NUMBERS CORRESPONDIG TO THESE COORDS* 
C 
C NON-NO* OF BODY PTS* DO NOT USE IN THE OPT* 
C 
C NE <ID ARRAY)-SOME BODY PTS* HAVE EQUAL VALUES* SOMETIMES 
C IT IS REQUIRED TO MAINTAIN THIS IN THE OPTIMIZATION 
C PROCESS * ARRAY NE CONSISTS OF ABOVE MENTION NUMBERS 
C CORRESPONDING TO SETS OF SUCH BODY POINTS* 
C EACH SET OF NUMBERS CORRESPONDING TO EACH SET 
C OF EQUAL BODY PTS * MUST BE FOLLOWED BY A ZERO* 
C EG* 1 3 5 0 2 8 0 
C BODY PTS * CORRESPONDING TO THE NUMBRES :!. 3 AND 5 ARE 
C EQUAL TO EACH OTHER AND BODY POINTS CORRESPONDING TO 
C THE NUMBERS 2 AND 8 ARE EQUAL TO EACH OTHER* 
C 
C MEN--NO * ELEMENTS IN THE ARRAY NE INCLUDING ZEROS * 
C RMSEG- WHEN RMS * ERROR OF OBS* AND CALC * ANOM* BECOMES 
C LESS THAN THIS GIVEN VALUE OPTIMIZATION IS STUPED* 
C IPRINT-THIS CAN TAKE VALUES 1 OR 0*IF IRTINT=1 
C VAL* OF THE OBJECTIVE FUNCTION IS PRINTED AFTER 
C A CERTAIN NO OF ITERATIONS * IF IT IS 0 VALS ARE 
C NOT PRINTED * 
C BL»BU»SCUD ARRAYS)-LOWER AND UPPER BOUNDS OF THE 
C PARAMETERS AND SCALING FACTORS RESPECTIVELY* 
C OR(iD ARRAY)-WEIGHTING C0EFFICIENTS• 
C 
IM P LICIT R E A L * 8 <A - H10 - Z ) 
DIMENSION XB<100)»ZB <100)yYB C100> ?XSS(100)rFO(100)fN11(50)yNN(10) 
$yNNZ(10)9RR <10)tRHH(10)9SLO(10)9YC<20t20)9YY <10yI0)yMXX <10 910) 
*»F<100)tBClOO)* NO(50)»NE<90>>SC<20>>BL<20)rBU(20)vX(20)9XUC20)K 
$ ?DELTA(20)fHESB(20 )yHESL(200)rW(200)?OR <100) 
* f ISTATE<20) r IW(2) rG<20) ?NRCI.O) 
C0MM0N/C0M1 /HBy NT 9 NN y NNZ y MXX r N11 y NT2 ? N0N t NEN» N0 NE 
*rNUl? NU2 vNUy NR y NBR 
|23 
C0MMON/CGM2/RRyYByFO9SLO9B 9SCyFyRMSEGyORyRGL 
C0MM0N/CGM3/NF 9NNF y ZS 9XSS 
LOGICAL LOCSCH 
EXTERNAL E04JBQy FUNCTyMONIT 
CALL TIME CO) 
READ < 5v*)NB 9 NT 9NF 9NON yNEN 9NBRyZSyRL y RLG yRMSEG yIPRINT 
READ(5r#)(NN<I)fI=l*NB) 
READ < 5 v *) < NNZ ( I ) ? 1 = 1 y NB) 
READ(5y*>(RR(I)91 =1yNB) 
READ(5y * ) ( R H H ( I ) 9 1 = 1p NBR) 
READ <'5y * >(NR < I ) 9 1 =Iv NB) 
READ(5 9 *)(SLO < I ) y I = 1y NB) 
READ(5y * X N O ( I ) 9 1 = i9NON) 
READ(5 r *)(NE<I> y1 = 19NEN) 
JN*0 
JM=0 
DO 32 K = l y NB 
JN»JN+1 
NZ-NNZCK) 
READ(59#)<MXX <Iy K ) y I = 1y NZ) 
M=MXXQyK) 
READ(59 *><YY <Iy K)y1 = 19M) 
DO 34 1=1yM 
JM=JM-fl 
YC<IyJN)=YY<IyK) 
34 YB< JM) = YY < 1 9 K) 
DO 36 J*2iNZ 
JN=JN+1 
JNl= JN-1 




DO 36 L = l y l l 
JM=JM+1 
L l = L i I 3 
S=0,ODO 
DO 30 I=L.yLl 








READC5*.*) ( B L C I ) P BUCI) fSCCI) 91=1yN) 
DO 10 1=1yNT 
J=2M 
K = J-1 
B(K)=XB(I) 
B ( J ) a Z B ( I ) 
10 CONTINUE 
C 
C SELECT THE BODY POINTS THAT WILL BE USED 




Kl = l 
DO 20 I«ltNT2 
DO 2 5 K=KlfNGN 
I F ( I • EQ • NO(K)) GOT0 65 
25 CONTINUE 
J « J + 1 
X U < J ) » B < I ) 




C SCALE THE PARAMETERS OF THE OPT > 
C 
DO 30 1=1yNU 




DO 3 5 I«NUlvNU2 
LU«LU+1 
35 X ( I ) « R H H ( L U > / S C ( I ) 
X(N)=RL/SC(N) 
DO 3 3 1=1vN 
B L < I ) = = B L ( I ) / S C < I ) 
33 B U C I ) « B U < I ) / S C ( I ) 
R E A D ( A v t ) ( X S S ( I ) v F O ( I ) y O R ( I ) y I * 1 y NF) 
CALL T I M E ( 1 f 1 ) 
LH=200 
L I W « 2 
LW=200 
I F A X L B 0 
CALL E04HBF(N yFUNCT y X r JyDELTA yHESL y LHyHESD»FUyGyIWy 
$ L.. IW y W y L W y I F A I L ) 
D I G ^ H E S D ( l ) 
SMALL~HESD (1) 
DC) 2 1 J = 2 > N 
I F ( B I G • L T.HES D< J ) ) BIG=HES D < J ) 
I F < S M A L L • G T • H E S D ( J ) ) SMALL=HESD(J) 
21 CONTINUE 
I F ( B I G • L T. 1 • 0 D+4 * S M A L L ) G 0 T 0 41 











I F A I L = 1 
C A L L E 0 4 J B F (N y F U N C T r M 0 NI T y I P RIN T 9 L 0 C S C H y I N T Y P E y E 0 4 J B Q y 
$MAXCAL y ETA y XT01... y STEPMX y FEST y DELTA y I BOUND y BL ? BU t X y 
$ H E S L y L H y H E S D y I S T A T E r F U y G y IW r L I W ? W v L W v I F A I L ) 
I F ( I F A I L » E Q * - 2 ) I F A I L - 0 
CALL TIMECI. y l ) 
C A LL P L 0 T ( F y XSS tNFyNN yF0y NB) 
125 
CALL TIME (.1. v 1) 
IF(IFAIL•EG * 0> GOTO 61 
IF < I FA IL * NE * 0) WRITE (6*96)1 FA 11... 
IFCIFAIL.EG.l) GOTO 6:1 
WRITE*6*95)FU 
WRITE<6*94)<X<J)»J*1»N) 
IF<IFAIL-.NE*2) GOTO 61 
WRITE(6 193)(ISTATE(J)yJ=1 *N) 
WRI T E ( 6 y 9 2 ) ( H E S L ( J ) * J*1 yLH) 
WR I TE (6 y 91) (HE SB ( J ) yJ= 1 y N ) 
61 STOP 
98 FORMAT<///1H * 13 y 38H FUNCTION EVALUATIONS WERE NEEDED BY E* 
* 5M04MBF) 
97 FORMAT <///48H TRY RESCALING THE PROBLEM* ELEMENTS OF HESD ARE 
* /1H 9 1P4E15*4) 
96 FORMAT </*//:!.6H ERROR EXIT TYPE ? 13? 22H •• SEE ROUTINE DOCUMENv 
$ 1HT) 
95 FORMATC///27H FUNCTION VALUE ON EXIT IS y F12*4) 
94 FORMAT(13H AT THE POINTy 4F12*4) 
93 FORMAT < 22H WHERE ISTATE CONTAINS y 415* l i b ) 
92 FORMAT<14H HESL CQNTAINS/1H * 1P6E20.4) 
91 FORMAT(18H AND HESD CONTAINS. 1P4E20#4) 
END 
SUBROUTINE FUMC7(IFLAGyN * XC y FC* GCyIW yLIW yW *LW) 
C THE SUBROUTINE FUHCT CAL* OBJECTIVE FUNCTION FOR THE 
C OPT * THIS REQUIPS THE CAL * OF THE GRAVITY ANOMALY DUE TO 
C THE MODEL AND THIS IS PERFORMED USING THE END 
C CORRECTION METHOD * 
C 
IMPLICIT REAL3k8 < A-H * 0- Z ) 
DIMENSION X-C50) f 2(50) *XRC50) *XL<50) rNI (50) *NZL(50) *NZR(50) 
* * ZC <50)yXRC < 50)fXLC(50)*GR(50)*CR(50)*GL<50)*CL(50)ySLO(10) 
$*ZR(50)*ZL(50)*XLA(50)*ZLA<50)yXI(100)yX2(100)»X3(100)yX4<100) 
$ >Zl(100)?Z2(100)yZ3(100)*Z4(100)tXTC100)tMX C 50)*XB(100)? ZB(100) 
$*RR(10)*MXX(10*10)* Nil(50)yXG(K)O)vZG(lOO)*YB(IOO)*F0(100) 
*yKN(10)yKNA(10)yKNB(10)»X5(100)yZ5(100)yNN C10)*NNZ(10)yNG(100) 
$ yXSS(100)yF(100)*RH <10)y XA(10)y ZA(10)y B(100)* NO < 50)yNE(90) 
*»SC(20)*BL<20)yBU(20)y XUU(20)*GC(N)yW(LW)»XC(N)*IW(LIW) 
* * EC(50 * 50)*FS(50 * 50)yOR(100>* NR(10)*RHH(10) 
C0MMGN/CGM1/NByNT * NN y NNZ *MXX y NII?NT2 yNGN * MEN yNOyNE 
$ y NU1yNU2 *NU * NR *NBR 
C0MM0N/C0M2/RR yYB y FO ySLO tB y SC * F*RMSEG yOR *RGL 
C0MM0N/C0M3/NF yNNF *ZS yXSS 
COMMON/CLAB/FS 
COMMON/CEC/EC 
C0MM0N/C0MP/X1y Z l * X2 y Z2* X3* Z3* X4* Z4 y X5* ZS y XG * ZG y NG y XB *ZB *K1 
C 
C UNSCALE THE PARAMETERS PASSED INTO THE SUBROUTINE 
C FROM THE OPTIMIZATION ROUTINE* 
C 
DO 2 1*1*NU 
2 XUU(I)=XC(I)#SC(I) 
LU=0 









C ARRANGE THE OPTIMIZED BODY PTS. WITH OTHER BODY PTS* 
C WHICH WERE NOT INCLUDED IN THE OPT, PROCESS 
C IN THE PROPER ORDER, 
C 
J=<) 
Kl * i 
DO 6 I=1*NT2 
DO 8 K=K1yNON 
IF(I,EO,NO(K)) GOTO 12 
8 CONTINUE 
J=J-M 




DO 14 1=1vNEN 
J=NECI) 
IF(J,EQ,0) GOTO 14 
K = I f l 
L=NE<K) 
IF<L,EQ,0) GOTO 14 
B(L)=B<J) 
14 CONTINUE 




Z B ( I ) = B ( J ) 
18 CONTINUE 
DO 17 1=19NF 
17 F<I)=RLiRLG*XSS<I) 
K1 = 0 
KB1 = 1 








DO 7 I=KB1»KB2 
J=J •{•:!. 
X ( J )=XB(I) 
Z ( J ) = Z B ( I ) 
7 N K J ) = N I I ( I ) 
K81=KB2+1 
C 




DO 10 1=1rNH 










XL (1) ~::XLA (1) 
ZL(1)*ZLA<1) 






C CALC* GRAD* AND INTCEPT* OF SIDES ON RHS* 
C 
DO 30 ] > 1 9 LRR 
J«I + 1 
XXR=XR<I>~XR< J) 
XXRA=DABS(XXR) 
IF<XXRA* LT * 0 *000001DO) GOTO 40 
GR CI) ": (ZR ( I ) -ZR < J) ) / XXR 







C CALC* GRAD* INCEPT* OF SIDES ON LHS* 
C 
DO 60 l a : : l v LLL 
J=I + 1 
XXL»»XL< I ) - X L ( J ) 
XXLL=DABS(XXL> 
IF(XXLL*LT*0*000001D0) GOTO 70 
GL < I ) <ZL CI) -ZL < J) ) /XXL 






C CALC* COM * DIFF* OF ARITH* PROG* H* STRIPS FORM* 
C 
R2»R/2*0D0 
S N=N Z f( N Z *N Z-NZ)tR2 





DO 80 L=1»NZ 




DO 90 I«1»LLL 
J * I + I 
IF<A#LT«0»0) GOTO 94 
IF<ZC<L1) • LT.ZLCJKAND.ZCCLl) *GT*ZLCI> ) NZL(L.1)=I 
IF <Z C <J... 1) * L T • Z L ( J) ) G 0 T 0 10 0 
GOTO 90 
94 IF<ZC<L1) •GT*ZLCJ) •AND.ZC(Ll) •> L T * Z L ( I ) ) NZL(L1)=I 
I F < Z C <!... 1> * G T * Z L < J) ) G 0 T 0 10 0 
90 CONTINUE 
100 DO 110 I=1»LRR 
J=I + 1 
IF(A * LT•0•0) GOTO 96 
IFCZC(Ll)•LT»ZR<J)•AND*ZC<L1).GT.ZR(I)) NZR(L1)=I 
IF(ZC(L1> * LT* ZR(J)) GOTO 80 
GOTO 1.1.0 
96 IF(Ze<Ll)*GT•ZR<J)•AND.ZCCL1).LT.ZR(I)) NZR<Ll) = 1 




C DIVIDE EACH BODY INTO HORIZONTAL STRIP'S * 
C 
DO 120 I«I*NZ 
JL*NZLfI) 
IF< GL(JL)•GT.10.0D+9) G 0 T0 130 
XLC(I)«(ZC <I)-CL <JL))/GL(JL) 
GOTO 140 
130 XLC ( I ) ::::XL ( JL ) 
140 JR~NZR<I> 
IF(GR< JR)•GT•10•OD+9) GOTO 150 
XRC(I)«< ZC(I)-CR<JR))/GR(JR) 
GOTO 120 







DO 160 J=lfNZ 
K=MX< J>+1 
C 
C DIVIDE EACH STRIP INTO ELEMENTS * 
C 
DO 170 Ll=lfM 
17 0 X T ( L .1.)X L C ( J ) + ( L1 -1) * (X R C ( J) • X L C < J) > / < M • 1) 
J1=J+1 
M«M-1 
DO 180 lalf'M 
IF CI•£••!) GOTO 190 














XG(K1 )*(Xi (KM. >+X2(Ki >+X3(Kl )+X4(Ki) )/4*0D0 















IF (M ••EG* 1) X3 < K1) =XRC < J1') 



















C CALC. CMASS OF ELEMENTS NAMING 4 SIDES * 
c 
CALL CMASS(X1(Kl) * Zl (Kl) «X2(K1. ) ?Z2(K1.) »X3<K:!.) »Z3(Ki ) 




YY B ( K1) + Z D t S I... P 
RNO-:RH C IK) 
C 









C CALC» GRAM* ANOM• DUE TO 2D PRISMS CORR* ELEM• 
C NAMING 4 SIDES AND MULTIPLY BY THE CO'RR. ENDCR FAC * 
C 
CALL SLAB < XA 9ZA 9 LAB 91> RHO) 






CALL SLAB(XA ?ZA 9 LAB ?KR9RHO) 
211 GOTO 180 
























C CALC * CMASS OF ELEMTS• NAMING 5 SIDES* 
C 






RHti-RH < IK) 
C 
C CALC. ENDCR * FACT, FOR ELEM• NAMING 5 SIDES* 
C 
CALL ENDCR(XG(Kl)9ZG(Kl)9Y 91) 









C CALC* 2D GRAVITY ANOMALY DUE TO PRISMS CQRR. TO 
C THE ELEMENTS HAVING 5 SIDES AND MULTIPLY BY THE 
C CORR* ENDCR FACT, 
C 
















CALL SLAB(XA FZA>LAB *KR tRHO) 
180 CONTINUE 
C 
C CALC* THE OBJ. FUNCTION, 
C 
DO 181 11 = 19NF 
DO .1.81 J1~1*M 
J2»ji+i 




DO 11 I " " l f NF 




IF < R M S E . L E * R M S E G ) IF L A G « - 2 
RETURN 
SUBROUTINE CM ASS C Al 9 A2 9 A3 9 A4 y AS 9 A6 ? Pi? 9 AS 9 A 9 ? A10 
THE SUBROUTINE CMASS CALC* CMASS OF EACH ELEMENT• 
$»NS»XCG*ZCG) 
IM P LICIT R E A L * 8 ( A - H 9 0 - 1 ) 
DIMENSION X<10)?Z<10) 
















DO 10 1=1yN 
M«I + 1 
L«I+2 











SUBROUTINE SLAB(XBtIBrN?K vRHO) 
C 
C THE SUBROUTINE SLAB CALC * GRAM * ANOMAL Y DUE TO A 20 
C PRISM AND MULTIPLY BY ENOCR, FACTORS * 
C 
IMPLICIT REAL#8(A-H y 0-Z) 
DIMENSION XSS(IOO) rFSXSOvSO) ?XB(5> yZBC5> ySI (5) ?C0<5) 
C0MM0N/C0M3/NF ?NFF rZStXSS 
COMMON/CLAB/FS 
PI2=2 * ODO*DATAN (1 * DO) 
CC=RHD*13*34»0 
DO 5 .>i?N 
Jl=J+1 
XBD--XB ( J) -XB (J1) 
ZBD*=ZB< J l >-ZB< J) 
RBB-DSQRT<X B D% X BD+ZB D%ZB D) 
SI<J)*ZBD/RBD 
5 C0<J)=XBD/RBD 
DO 15 I«l»NF 
SUM*0*ODO 




X2=="XB< J l )™XS 












50 R:l.«DSQRT < XI*X 1+Z1 *Z 1) 
R2»DSQRT(X2*X2+Z2*Z2) 
TT*T1-T2 
R L=DI... 0 G (R 2 / R1) 
S U M ~ C C * C < Z1 * C 0 < J > + X1 * S I < J) > % ( T T * C G < J ) - R L * S I ( J > > + Z 2 * T 2 -•• Z:!. >X T1 ) 
•+SUM 
10 CONTINUE 




BUBROUTINE ENDCR(XC rZC tY rJ) 
C 
C THE SUBROUTINE ENDCR CALC• ENDCR• FACTOR FOR EACH 
C PRISM FOR EACH FIELD POINT, 
C 
IMPLICIT REALM < A-N 9 0-2.) 
DIMENSION XSS(100)9 EC(50?50) 
C0MM0N/C0M3/NF?NNF 9 IS 9XSS 
COMMON/CEC/EC 








SUBROUTINE PLOT(F?XSS 9NF tNNtFO 9NB) 
C 
C THE SUBROUTINE PLOT DRAWS 2 PLOTS AS OUTPUT, 
C FIRST PLOT SHOWS THE WAY IN WHICH THE BODY I S 
C SUBDJVISED* 2ED PLOT SHOWS QBS. CALC, ANO, AND 
C X-SECTION OF THE MODEL ON PLANE OF THE PROFILE, 
C 
C 
REAL$8 F 9 XSS 9 FO r XB 9 ZB t XI >• X2 9 X3 9 X4 9 X5 9 211 2.2 9 Z3 9 24 17.5 
*»XG*ZG 
REAL*4 XA1»XA21XA3»XA4,XA5 9ZA1yZA2 *ZA3 y ZA4 pZA5 ? XGA? ZGA 
**XXSfXPZFFOBFFCL 
DIMENSION XSS<100)9F(100)vFO(100)?X(50)? Z(50)yNN(10)yXG<100) 
*rZG<100) yXKlOO) vZKlOO) yX2(100) rZ2(l()0) yX3(100> PZ3CI.OO) 
*»X4<100) yZ4CI.00) fX5(100) ?Z5< 100) yNGCI.00) yYY(20> PXBCI.00) PZBCIOO) 
* 9XA1(100)fXA2(100)fXA3(100)9XA4(100)rXAS(100)rZA1<100)? 
$ZA2 (100) 9 2 A3 (100)? Z A4 (100 ) y Z A5 (100) 9 XG A (100) ? ZGA (100 > 
* 9XXS(100)»FOB(100)tFCL(100) 
C0MM0N/C0MP/X1yZ1»X2yZ2rX31Z3? X4yZ4>X5 y159XG yZG y NGyXB» ZB * K1 
CALL PAPER(1) 
DO 6 1*1vKl 
X A K I ) « X K I ) 
Z A 1 ( I ) = Z 1 ( I ) 
X A 2 ( I ) ~ X 2 ( I ) 







X G A < I ) = X G < I ) 
6 Z G A < I ) * Z G ( I ) 
DO 8 1=1FNF 
X X S C I ) = X S S < I ) 
FOB ( I ) =FO < I ) 
8 F C L C I > = F ( I ) 
CALL PSPACEC0•0F1•0»0•0?1•0) 
CALL CSPACE(0 * 011•OyO*O*l»0) 
CALL MAP(15•0130,0 ? 1 0 , 0 , 0 . 0 ) 
DO 1 2 1=1FKI 
CALL P O S 1 I N C X A 1 ( I ) v Z A 1 < I ) ) 
CALL J O I N < X A 2 ( I ) * Z A 2 < I ) ) 
CALL JOIN< X A 3 ( I > F Z A 3 ( I ) ) 
CALI JOIN ( XA4 ( I > ? ZA4 ( I ) ) 
I F ( N G < I ) • E G * 4 ) GOTO 1 4 
CALL JOIN(XA5 C I ) ? Z A 5 ( I ) ) 
1 4 CALL JO I N C X A 1 C I ) » Z A 1 ( I ) ) 
1 2 CONTINUE" 
DO 1 8 1 = 1 f K l 
CALL POSITN < XGA C I ) 9 Z G A < I ) ) 




CALL PSPACE <0,2FO,8?0*MFO*9> 
CALL MAP C XXS(1)9XXS C NF)F 0.6 * 12 0 0 • 0 ) 
CALL CTRMAG(7) 
CALL NSCURV<XXS F FCL F 1 r N F ) 
CALL AXESSKS.OfS.O) 
CALL P0SITN(2»OF 8 0 0 , 0 ) 
CALL JOIN(5,OF 8 0 0 , 0 ) 
CALL CSPACE < 0 * 2F 0 • 8 9 0 » 5 5 v0•9) 
CALL PLOTCSC 5•19750•OF 7OBSERVED ANOMALY'F16) 
CALL PLOTCS(5,1F 800,0 F'CALCULATED ANOMALY"y18) 
CALL PLOTCS(5•1y700•0 t'J=5* 3A/M, /?9) 
CALL BROKEN C1y 3 ?1F 3 ) 





CALL PSPACE ( 0 * 2 y 0 , 8 y 0 • .1.5 F 0 * 5 ) 
CALL CSPACE C 0,2 y 0 • 8 r 0 , 1 y 0 , 5 ) 
CALL MAP C XXS C 1 ) y X X S ( N F ) r 1 5 . 0 r 0 , 0 ) 
L l = l 




DO 20 :I:=LIFL2 
K=Kf 1 
X < K > = X B < I ) 
20 Z ( K ) ^ Z B C I ) 
L l = L 2 f l 
DO 10 1=1FN 
J = I M 
I F ( I , E Q , N ) J=l 
135 
CALL POSITNCXd) F Z ( I ) ) 
CALL JQIN<X<J>PZ<J)) 
10 CONTINUE 
CALL PLOTCS (2 • 0 P 16 • 0 t 1 WIDTH OF THE ' P 12) 
CALL PLOTCS <2•0v17•SP'CENTRAL BODY™5KM.'y17) 
CALL BORDER 
CALL PSPACE< 0.0 y1•0y 0•0 ?1«0) 
C A L L C S P A C E < 0 * 0 r 1 * 010 • 0 ?1 • 0 ) 
C A L L M A P < 6 * 0 y 1 * 0 P 0 . 0 p 1 • 0 ) 
CALL PLOTCS CO•47 P 0•S2 *'DISTANCE(KM•)'p13) 
CALL CTRORICUO) 
CALL PLOTCSCO. 163F0*65P ' PSEUDQGRAVIMETRIC ANOMALY<MGAL-* ) ' P32) 
CALL CTR0RI<3*0> 
CALL PLOTCS <0 * 16?0« 35P'DEPTH(KM «•)'P10) 
CALL CTRORI<0»0) 
DO 50 J*lP5 
XP*0»187 










SUBROUTINE MONTI* < N P XC ? FC p GC p I STATE p GPJNRM ? COND p POSDEF p 
*NITER P NF pIWpLIW pWPLW) 
IMPLICIT R E A L #8 (A •• H p 0 -Z) 
DIMENSION GC(N> »W(LW)PXC(N)yISTATE<N)pIU(LIW) 
LOGICAL POSDEF 
URITE(6999)NITER pNF pFC? GPJNRM 
WRITE<6P98) 
25 FORMAT<'M0NIT1' ) 
DO 100 J=l#-N 
ISJ :~I STATE < J) 
IF<ISJ,GT,0) GOTO 20 
ISJ=-ISJ 
GOTO(40v60v80)PISJ 
20 WRITE < 6v97)J ? XC < J)pGC CJ) 
GOTO 100 
40 WRITE < 6 p 96)J p XC(J)PGC < J) 
GOTO 100 
60 WRI TE < 6 y95)Jy XC <J)PGC(J) 
GOTO 100 
80 WRITE(6 y 94)J yXC < J)PGC(J) 
100 CONTINUE 
IF < COND * EG * 0 * ODO) RETURN 




140 IF(•NOT*POSDEF> WRITEC6p91) 
RETURN 
99 F0RMAT(/5H0ITNSP 5XP 8HFN EVALBP I I X P 8HFN VALUE* I I X P 
$ 21HN0RM OF PROJ GRADIENT/14p 6XP 15P 2(6XP 1PE20.4)) 
98 FORMAT<3H0 Jy I I X P 4HXCJ)P :l.6Xp 4HG(J)y 13Xy 6HSTATUS) 
(36 
97 FORMAT<IN y 12 y IX > lP2E20*4y 5Xy 4HFREE) 
96 FORMAT < :l. H 9 129 :L X y lP2E20*4y 5Xy 11HUPPER BOUND) 
95 FORMAT ( 1 H 9 12 y IX 9 1P2E20*4* 5Xy 11HLOWER BOUND) 
94 FORMAT C1H y 12v XXy 1P2E20*4* 5Xv 8HCONSTANT) 
93 FORMAT C50IK)EST:I:MATED CONDITION NUMBER OF PROJECTED HESSIAN =y 
$ 4HS MOy 14HRE THAN l*0Df-6) 
92 FORMAT(50HOESTIMATED CONDITION NUMBER OF PROJECTED HESSIAN =y 
$ 1H 9 1PE10*2) 

























PROGRAM MAGI D•A•TANTRIGODA 1981 
THE PROGRAM MAGI PERFORMS 2D MAGNETIC INTERPRETATION 
USING A NON-LINEAR OPT, TECHNIQUE(A QUASI-NEWTON METHOD) 
INPUT DATA 
ST=FIRST FIELD POINT, 
A I N T'-~ I N T E R V A L S AT WHICH GBS, ARE MADE, 
AJ-MAG• OF THE TRIAL MODEL, 
A=INCL* OF MAG• OF THE TRIAL MODEL * 
E I - I N C L * OF EARTH'S MAG, FIELD, 
CED--ANG• BETWEEN THE PROFILE AND THE MAG, NORTH, 
ZS -"HEIGHT AT WHICH OBS, ARE MADE, 
NB"»NO • OF BODY PTS, 
NS=NO* OF FIELD PTS• 
RL = CONST, REG, LEVEL * 
XBFZBCLD ARRAYS) X AND Z BODY COORDS, 
BL vBU vSC CID ARRAYS) LOW, AND UPP, L I M I T S OF THE 
PARAMETRES AND SCALING FACTORS, 
FOFXOFWT'ID ARRAY) OBS • A NO« MALS 9 THEIR X-COORS 
AND WEIGHTING COEFFICIENTS, 
IM P L I C I T R E A L *S < A - H 9 0 - Z) 
DIMEN S10N XB <10) 9 ZB( 1 0 ) 9 T ( 1 0 ) v XS ( 1 0 0 ) •> F < 100) 9 X0 ( 1 0 0 > 9 F0 ( 1 0 0 ) 
* 9BL < 1 1 ) 9 B U < 1 1 ) 9 X ( 1 1 ) 9 W ( 1 8 7 ) r I W < 1 3 > 9WT<100)9SC(11) 
C0MM0N/C0M1/PI2 9XS tF9FO9NS 9NB 9 E I 9XB vIB 9CED 9 AJyA? RLyNN y NNN 
$FWTFSC 
READ C5y #) S T y A I H y ^ J y ^ v E I y CED rZS FNB tNS fRL 
READ(5* *>< XB < I ) F Z B < I ) F 1 = 1F NB) 
NN-NB*2 
READ <59 * ) ( B L < I ) F B U < I ) 9 S C ( I ) 9 1 ~ 1 F NNN) 










DO 1 I ™ 1 y NB 
1 ZBCI>=ZB<I)-ZS 
DO 1 0 1*1FNS 









DO 50 :I>1FNNN 
B L ( I ) ^ B L ( I ) / S C ( I ) 







C A L L E 0 4 J A F < N v IB 0 U N D r B L y B U y X ? F y IW t LIW y W y L W»IF A11...) 
IFCIFAIL * ME•0) WRITE(6?998)IFAIL 
IF < I FAIL • EG * :f.) GOTO 25 
WRITE<6y997)F 
WRITE< 6f996)< X < J> rJ=1rN) 
WRITE(6y22)AJ y A yRL 
WRITE <6y 22)<XB <I)y ZB(I)?1 = 1? NB) 
22 FORMAT < :'.H ? 4F10»4) 
25 STOP 
990 FORMAT*///16H ERROR EXIT TYPE ? I3v 22H • SEE ROUTINE DOCUMEN y 
* 1HT) 
997 FORMAT<///27H FUNCTION VALUE ON EXIT IS ? F10*4) 
996 FORMAT<13H AT THE POINTy 4F9»4) 
END 
SUBROUTINE FUNCT1(N y XC y FC) 
IM P LICIT R E A L * 8 C A - H t 0 - Z) 
DIMENSION XB(10)rZB<10)y XX <10)y T(10)yF<100)yFO(lOO)yXS(lOO) 
$ y XC(N)y WT(100 >rSC(11 ) 






DO 65 1 = 1y NB 
J=I+3 
K=J+NB 




DO 10 1=1FNS 
DO 20 J=I»NB 
XX(J)«XB(J)-XS(I) 
X S S D A B S (X X < J) ) 
IF C X S S • L T * 0 * 0 0 0 001) G 0 T 0 3 0 
















IF(ZA * LT•0 * 00000001) GOTO 50 























PROGRAM MAG2 D * A•TANTRIG0DA 1981* 
THE PROGRAM MAG2 PERFORMS 20 MAGNETIC INTERPRETATION 
USING A NON-LINEAR OPTIMIZATION TECHNIQUE<SIMPLEX METHOD)* 
BODY COORD* AND THE REG * GRADIENT ARE EVALUATED BY THE 
OPT• PROCESS * MAGNETIZATION AND THE CONSTANT REG* LEVEL 
ARE EVALUATED USING THE LEAST SQUARES METHOU< 
INPUT DATA 
ST ? AIN vZS ?NS ?NB ?XB ? ZB ?XO ?FO ?SC ? CED AS SAME AS IN MAGI * 
EI«INCLINATION OF EARTH'S MAG* FIELD* 
0=INITIAL ESTIMATE OF THE REG« GRAB * 
IMPLIC17 REALMS (A-H y 0-2.) 
DIMENSION XB<10)?ZB(10)yXS<100)yFO(100)tXO(100)y 
$X(9)FSIMC10?9)»U1(9)9W2C9)9U3C9)?W4C9)9W5(10)?SC<20) 
C 0 MM ON/COM / F 0? S EI ? C EI ? C E D 9 P12? NS ? NN 
C 0 M M 0 N / C 0 M1 / F S ? X S A ? X S ? N B 
EXTERNAL FUNCT ? MONIT 
READ(59 *)ST? AIN rEI? ED ? ZS ? NB ? NS ? G 
READ(5 ? *)(XB(I)? Z B ( I ) ? 1 = 1? NB) 
NN«2*NB+1 
READ<5**)CSC CI ) ? I ~ l ? NN) 
READ ( 7 y % ) C XO CD? FO CI) ? I = 1 ? NS) 


























EVALUATE BODY COORDS* AND REG * GRAB* USING THE OPT, 
C A L L E 0 4 C C F (N ? X ? F ? T 01... ? N1 ? W1 ? W 2 9 U 3 ? W 4 ? U 5 ? SIM ? F U N C T 9 
$M ONIT ? M A X C AL 91FAIL) 
CALL FUNCT(N»XCfFC) WRITEC 6?998)F 
I if. I 
WRITE(6F997)<X(I>FI=1FN) 
WRITE(6F 996)IFAIL 
998 FORMAT<25H FINAL FUNCTION VALUE I S v F12,4) 
997 FORMAT(13H AT THE POINTf 9F6*3) 




IMPLICIT REAL*8(A-HF0 ~Z) 
DIMENSION XB(10)rZB<10)FXX(10)FT(10)FXS(100)FFOC100) 
**V<100)FUCIOO)FXC(N) 
C0M M0N/C 0M/F0 FSEIrCEIFCED F P12?NS ?NN 
C 0 M M 0 N / C 0 M1 / F S p X S A F X S F N B 
DO 15 1=1FNB 
J*I+NB 
XB(I)«XC(I)#SCCI) 
15 ZBCt )=XC< J)*SC< J ) 
G=XC(NN')*SC<NN) 
C 
C EVALUATE THE X AND Z CGMP* OF MAO * AND THE CONSTANT 
C REG * LEVEL USING THE LEAST SQUARES METHOD AND 











DO 10 1=1»NS 
DO 20 J ~ i ? NB 
XX < J ) ::::XB ( J ) -XS < I ) 
XSS-DABS< XX < J ) ) 


















IF(ZA,LT,0,00000001D0) GOTO 50 









































B = (F S - Z J * U S •- X J * V S •- G*X8A)/NS 
SUM=0»ODO 
DO 70 1=1»NS 




S U B R 0 U TIN E M 0 NIT (F MIN ? F M A X ? SIM r N r N1» N C A L L ) 
IM P LICIT R E A L * 8 < A - H ? 0 •• Z ) 
DIMENSION SIM(N1»N) 
W RIT E ( 8 f 9 9 9 ) N C A L L » F M .1N 
URITE<8»998) ( < SIM (1? J ) jrJ~l*N) ?3>:I.*N1> 
999 FORMAT (6H AFTER? 15? 3 OH FUNCTION CALLS? THE MALI) E IS? 




C SUBROUTINE END'CRM D«A • TANTRIGODA 1982• 
C 
SUBROUTINE END CRM < SX 9 SY y 8ZyX J 9 Y J y ZJ y X y Z y Y.I y Y2 y EC ) 
C 
C THE SUBROUTINE ENDCRM CALCULATES END CORRECTION FACTOR 
C FOR THE CALCULATION OF THE MAG * ANOMALY DUE TO A 3D 
C BODY AT POINTS ON THE X-AXIS * 
C 
C SUBROUTINE ARGUMENTS 
C SXySYySZ-DIRCETIONAL COSINES OF THE EARTH'S MAG, FIELD * 
C XJyYJyZJ^XyY AND Z COMPONENTS OF MAGNETIZATION, 
C Yl 9 Y2::sY COORDS, OF THE ENDS OF FINITE LINE OF 
C DIPOLES(SEE 3,2) 
C X ^ HORIZONTAL AND VERTICAL DISTANCES BETWEEN THE FIELD PT, 
C AND LINE OF DIPOLES, 
0 E C « C A L C U L A T E D E N D C 0 R R E 0 T10 N F A C T 0 R, 
C 
IMP LICIT R E A L * 8 (A •• H 9 0 Z) 
RO*DSQRT<X#X+Z#Z) 
RI * D S Q R T ( H 0 * R 0 i Y1#Y 1) 
R2«DSQR T (R0*R0+Y2*Y2) 
A» ( Y2/R2 Y:!./Ri ) / (R0**4 ) 
Cl*I#0/<Rl-**3) 
C2=1«0/CR2**3> 
B = < Y 2 * C 2 - Y1 * CI) / (R 0 * R 0 ) 







$+ (SX*Z J+SZ*X J) >KDXZ-f (SX*Y J f SY*X J) #DXY 
DXXI-2 • 0* ( X*X-Z#Z) / (R0**4) 
DZZI~-DXXI 
DXZI»4 * OBO*X*Z./ (R0**4 ) 
FI * S X * X J * D X XI + S Z * Z J % D Z ZI + C S X * Z J+S Z * X J ) * D X ZI 
EC-F/FI 
RETURN 
END 
